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Abstract: The synthesis of bis(quadridentate) -
zirconiura( IV) complexes was completed of which two new
complexes , bis ( N , N
'
-disalicylidene-cis-1 ,
2-diamino-
cyclohexane)zirconium( IV) and bis(N,
N'
-disalicylidene-
trans-l,2-diaminocyclohexane)zirconium(IV) , were deemed
suitable for physical and chemical comparisons to
bis(N,
N'
-disalicylidene-1 ,
2-phenylenediaroino)-
zirconium( IV) . Using 1H-NMR spectroscopy at low
temperatures, it was determined that the interconversion
of the cyclohexane moiety of bis(N,
N'
-disalicylidene-cis-
1 , 2-diaminocyclohexane)zirconium( IV) begins to slow
whereas, the motions associated with the backbones of the
other two complexes do not. Futhermore, using iH-NMR
spectroscopy, it was determined that heating solutions of
pairs of the complexes for four days at 155 C caused the
complexes to exchange ligands to form mixed-ligand
complexes .
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INTRODUCTION
A central metal atom is said to possess eight-
coordination when eight ligand donor atoms are covalently
bonded to it. Many transition, post-transition metals,
all of the lanthanides, and several of the actinides,
exhibit eight-coordination (1).
Two factors required for a metal atom to attain
eight-coordination are related to the metal atom itself.
One, the effective radius or covalent radius of the metal
atom must be sufficiently large to minimize the repulsions
experienced by the ligand donor atoms in the inner
coordination sphere (2). Two, the metal atom must possess
the ability to form a high positive formal charge,
typically +3, +4, +5, and +6 (3). Since the metal atom
accepts electron density from the eight covalently bonded
ligand donor atoms, it must be able to counterbalance the
build up of the large negative charge. High formal
oxidation states thus lead to energetically stable eight-
coordinate geometries.
One factor required of the ligands to stabilize an
eight-coordinate geometry is that the ligand donor atoms
be sufficiently small to minimize steric repulsions in the
inner coordination sphere (4). Another important
stabilizing feature that a ligand may possess is the
presence of more than one donor atom, each able to bond to
the same metal atom (4). This property is termed
chelation, and a compound exhibiting this property is
called a chelating ligand. Empirically, chelating ligands
with nitrogen and/or oxygen donor atoms stabilize eight-
coordinate complex geometries (4).
Several coordination polyhedra have been observed for
eight-coordinate compounds including the square antiprism,
dodecahedron, hexagonal bipyramid, puckered hexagonal
bipyramid, and the hendecahedron (5).
The most favorable polyhedra for a "Hard Sphere"
system may be determined by minimizing the repulsions
experienced by the eight ligand donor atoms in the inner
coordination sphere of the metal atom. Here, the central
metal atom is treated as a point charge, the ligands are
treated as incompressible spheres, and the potential
energy of the complex is minimized by altering the shape
parameters of the polyhedra. Hard Sphere calculations
have established that the square antiprism and the
dodecahedron are the most energetically stable
polyhedra (6). However, the relative stability of the
square antiprism versus the dodecahedron is not available
from this analysis. This result is in qualitative
agreement with the number and type of eight coordinate
complexes described in the literature (7).
The square antiprism, Figure 1, may be viewed as a
cube which has one face rotated 45 degrees relative to the
other parallel face. The metal atom resides in the
geometric center of the polyhedron. The 16 edges are
grouped into two classes: s (8 edges), 1 (8 edges). The
ligand donor atoms occupy the eight equivalent vertices,
generating a D4d point group.
The dodecahedron, Figure 2, may be described as two
interpenetrating, perpendicular trapezoids centered about
the metal atom. The 18 edges are divided into four
classes: a (2 edges), b (4 edges), g (8 edges),
and m (4 edges). The ligand donor atoms occupy the eight
vertices which are divided into two site classes:
A (4 vertices), and B (4 vertices). The dodecahedron
possesses D2d point group symmetry.
It has been suggested that theoretical geometric
determinations must also consider, the direct interaction
of the metal atom with the coordinated ligands, and the
constraints imposed by chelating ligands, in addition to
the mutual repulsions of the ligands (7).
Valence bond theory has been used to elucidate the
direct interaction of the metal atom with the coordinated
ligands (8). The square antiprism may possess sp3d-,
d4sp3, or p3d5 hybridization while the dodecahedron is
described by either sp3d- or d4sp3 hybridization. For the
Figure 1 . The square antiprism
Figure 2. The dodecahedron.
cases of sp3d- or d-isp3 hybridization, the d orbital not
hybridized may be used for 7T bonding in the complex. The
dz2 orbital of the metal is appropriate for 7T bonding to
any or all of the ligand donor atoms in the square
antiprismic arrangement. The dx2-y2 orbital of the metal
is appropriate for 7Tbonding interactions with B site
ligand donor atoms in the dodecahedral arrangement. Thus,
the geometry of the complex may be dictated by the ability
of the ligand to direct its ff donor atoms into the
appropriate geometric sites.
Finally, steric properties of chelating ligands help
determine which geometry an eight-coordinate complex
assumes (7). The "ligand bite" or the distance between
two consecutive donor atoms in the same ligand may be of a
fixed length. Fused aromatic polydentate ligands are such
examples. Since a polydentate ligand may be composed of
more than one ligand bite, the more preferred polyhedron
is the less symmetric dodecahedron (D2d) versus the square
antiprism (D4d) (9).
Zirconium exhibits the following traits which
facilitate eight-coordination. First, the most common
oxidation state of zirconium is +4 (10). The ability to
achieve this high formal oxidation state in its complexes
allows for the stable coordination of eight electron pairs
from the surrounding ligand donor atoms. Second, it has
been reported that eight-coordination should be possible
if the ionic radius of the central metal atom exceeds
0.9 A while the coordinated ligand donor atoms possess
ionic radii between 1.3 and 1.5 A (11). The ionic radius
of zirconium( IV) in the presence of ligand donor atoms of
the size 1.3-1.5 A is approximately 1.53 A (12). Thus,
the zirconium( IV) cation possesses an ionic radius which
is large enough to accommodate eight ligand donor atoms.
Eight-coordination for complexes of zirconium where
there are eight unidentate ligands, four bidentate
ligands, two quadridentate ligands, and unidentate-
polydentate ligand combinations have been reported.
Examples of the before mentioned complexes include:
the octaf luorozirconate( IV) anion (13); the tetrakis-
oxalatozirconate(IV) anion (14); bis(disalicylidene-l , 2-
phenylenediamino)zirconium( IV) (15); and tetrakis-
(isothiocyanato)di(bipyridyl)zirconium(IV) (16) .
Literature publications utilizing Schiff's base ligands as
transition metal chelating agents are present in vast
quantities (17). The following discussion intends to
outline the chronology and properties of salicylaldimine
Schiff's base ligands.
Ettling in 1840 isolated a dark green copper complex
from the reaction of copper (II) acetate, salicylaldehyde,
and aqueous ammonia (18). The product was determined to
be bis(salicylaldimine)copper(II) .
Schiff in 1869 determined that salicylaldiraine
complexes could be synthesized by the addition of a
primary amine to a salicylaldehydato metal complex (18).
Between 1931 and 1942, Pfeiffer synthesized and
investigated the properties of a number of Schiff's base
transition metal complexes (18).
Finally, Illingsworth in 1987 reported that
quadridentate salicylaldimine Schiff's base free ligands
could replace the coordinated butoxy ligands of
tetra n-butoxyzirconium( IV) n-butanol [Zr(0Bu)4 BuOH] to
form a bis ( quadridentate )zirconium( IV) complex and five
moles of n-butanol (19).
Salicylaldimine ligands are compounds that contain an
azomethine group (H-C=N-) formed by the condensation of
salicylaldehyde and a primary amine. Depending on the
stoichiometry of the starting materials and the number of
amine functionalities per amine compound (monoamine versus
diamine), a bidentate or polydentate ligand may be
synthesized; for example, when one mole of a 1,2- or 1,3-
primary diamine is condensed with two moles of
salicylaldehyde, a quadridentate ligand is isolated. If
two quadridentate ligands are coordinated to a metal
cation, the metal atom will exhibit eight-coordination.
Figure 3 is a pictorial representation of one
Figure 3. A quadridentate salicylaldimine metal complex
quadridentate ligand bonded to a metal center. The ligand
donor atoms are arranged in the order oxygen, nitrogen,
nitrogen, oxygen around the inner coordination sphere of
the complex. The chelate ring formed upon coordination of
the metal atom to adjacent oxygen and nitrogen donor atoms
is composed of six sides. There are two such chelate
rings per ligand. The chelate ring formed between the
adjacent imine nitrogen atoms is dependent upon the number
of atoms in the diamine backbone. A quadridentate ligand
usually has either a two membered or three membered link
between the two adjacent imine nitrogen atoms, leading to
either a five or six sided chelate ring respectively.
The preferred eight-coordinate geometry of a
bis(salicylaldimine)zirconium( IV) complex might be assumed
to be dodecahedral by recalling previously statements.
The salicylaldimine ligands have two different types of
ligand donor atoms. The square antiprism is favored when
the ligands are symmetric and possess the same ligand
donor atoms . Since the donor atoms are arranged
symmetrically, but are not equivalent, the dodecahedron
would be expected to be the more favored geometry.
Furthermore, the oxygen atom may be aligned such that a
filled orbital may participate in Q bonding with the empty
dx2-y2 orbital of the zirconium( IV) cation. Thus, added
stability is gained from the dodecahedral arrangement.
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Finally, the chelate bite between the nitrogen atoms in
the ligand backbone will have a high probability of being
different in size than the chelate bite between the oxygen
and nitrogen donor atoms. The difference in the bite
sizes also favors the less symmetrical dodecahedral
arrangement versus the squre antiprismic arrangement.
Several studies have investigated the physical and
chemical aspects of transition metal salicylaldimine
complexes including dipole measurements, infrared
spectroscopic determinations, polarography , ligand
exchange studies, and stability constant determinations.
Ligand exchange studies of eight coordinate
transition metal complexes, which determined the kinetic
stabilities of those complexes, have been a topic of
interest for several years . Early studies were concerned
with reactions of octacyanometallate( IV) complexes of
tungsten and molybdenum with radio-isotopically labeled
i4C-cyanide (20). A later effort probed exchange
reactions between tetrakis (oxalato)metal ( IV) complexes of
uranium, zirconium, and hafnium with the radio-
isotopically labeled i-C-oxalate anion (21). Most
recently, Adams and Larsen (22) explored the kinetics of
the ligand exchange reactions between tetrakis (0-
diketonato)metal(IV) complexes and the corresponding
(3-diketone free ligand. One of the metals utilized for
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the study was zirconium. A brief description of the
latter ensues .
A benzene solution of tetrakis (acety lacetone)-
zirconium(IV) [Zr(acac)4] and the free acetylacetone
Schiff's base ligand was placed into an nuclear magnetic
resonance (NMR) tube. At -1 c it was observed that two
separate signals, corresponding to the methyl protons of
the coordinated ligand and the free ligand, were present
in the iH-NMR spectrum. As the temperature was increased
to 10 oc, it was observed that the two signals began to
broaden. Finally, the signals coalesced at approximately
60 oC. The broadening and coalescence was attributed to
the rapid exchange (on the NMR time scale) of the
coordinated and free ligands. In other words, the
exchange occurred so quickly that the NMR spectrometer
could not resolve the two different chemical environments.
Thus, the broadened signals and the coalesced signal
represented the weighted average of the exchanging
protons .
A similar study by Adams and Larsen (23) was
conducted on a benzene solution of two different tetrakis-
(/3-diketonato)zirconium(IV) complexes: Zr(acac)4 and
tetrakis ( trif luoroacetylacetonato ) zirconium( IV)
[Zr(tfac)4] . The complexes were mixed at room
temperature, and then cooled to 9 C where it was observed
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that six different methyl signals were present in the
iH-NMR spectrum. The large number of signals was due to
the fact that the complexes exchanged ligands rapidly at
room temperature but only exchange slowly at 9 c on the
NMR time scale. Hence, instead of there being only two
types of methyl protons in the solution [those attributed
to the methyl protons of Zr(acac)4, and those attributed
to the methyl protons of Zr(tfac)4], there were six due to
the presence of three mixed-ligand complexes
[Zr(acac)3(tfac) , Zr(acac) 2(tfac) 2 , and Zr(acac) ( tfac) 3 ]
and the original two homo-ligand complexes. As the
temperature was increased from 9 C to 70 C it was
observed that the six methyl proton signals coalesced to
one broadened signal. The broadened signal represented
the weighted average of the chemical environments of the
methyl protons on the exchanging ligands. The study
further pointed out that the formation of the mixed ligand
complexes was favored over that predicted by purely random
behavior. Thus, it was stated that thermodynamic
stabilities (entropy or enthalpy effects) might need to be
considered to determine why the mixed-ligand complexes
were the favored products during ligand exchange.
Pinnavaia and Fay (24) completed a similar study
which utilized 19F-NMR to study a mixture of Zr(acac)4 and
Zr(tfac)4 dissolved in benzene. In addition to confirming
13
the results of Adams and Larsen, Pinnavaia and Fay
determined that in carbon tetrachloride the formation of
the mixed ligand complexes was favored by entropy.
However, a comparison of the stabilities of
bis ( quadridentate )zirconium( IV) complexes has not been
reported.
Therefore, the synthesis and attempted synthesis of a
series of bis ( quadridentate )zirconium( IV) complexes (see
Appendix A) was conducted of which bis(disalicylidene-l , 2-
phenylenediamino)zirconium(IV) and two previously
unreported bis ( quadridentate )zirconiurn( IV) were suitable
for investigation of their solution and solid state
properties .
The complexes herein reported are part of a larger
structure-property relationship study which endeavors to
elucidate the effects that certain factors, inherent of
each complex, have upon the physical and chemical
behaviors of the complexes. Factors yet to be
investigated include variations of chelate bite size and
donor atom sequence around the inner coordination sphere
of the complex. The effects of different
stereochemistries and hybridizations in the backbone of
the coordinated ligand are examined here.
Furthermore, eight-coordinate bis ( quadridentate ) -
zirconium(IV) complexes have been used as monomers for the
14
synthesis of inorganic coordination polymers (19).
However, these polymers suffered from a degree of
polymerization that was too low for good fiber formation.
To partially explain the low number of repeating units,
the following hypothesis has been postulated. Since
solutions of tetrakis (bidentate)zirconium( IV) complexes
readily exchange ligands near or slightly above room
temperature, solutions of bis ( quadridentate )zirconium( IV)
complexes might likewise be exchanging ligands under
polymerization reaction conditions . Ligand exchange of
this sort could disrupt the polymerization process
possibly causing chain termination. Thus, this study will
also determine if ligand exchange is contributing to the
polymer's low degree of polymerization.
15
EXPERIMENTAL
Reagent grade solvents, chemical, and gases were
used. The 100% ethanol (Aaper) , chloroform (Baker),
cyclohexane (Baker), methylene chloride (Baker),
deuterated chloroform (Norell), deuterated dimethyl-
sulfoxide (Aldrich), deuterated methylene chloride
(Aldrich) solvents were used without further purification.
The cis-1 , 2-diaminocyclohexane (Aldrich), trans-1,2-
diaminocyclohexane (Aldrich), tetra-n-butoxyzirconium( IV) -
n-butanol (Alfa), 1 , 2-phenylenediamine (Aldrich), and
tetramethylsilane (Baker) chemicals were used without
further purification. The salicylaldehyde (Aldrich) was
purified by reduced pressure distillation. The potassium
bromide was stored at 110 oC. The nitrogen gas (Air
Products), and air gas (Air Products) were used directly
from the cylinders. The nitrogen gas, used for the
complexation reactions, was dried over calcium hydride
(Aldrich) in a polyethylene glovebag (Aldrich) . Cellulose
(Merck) and silica (Kodak) thin layer chromatographic
sheets were used.
N , N
'
-Disalicylidene-cis-1 , 2-diaminocyclohexane ,
cis-H2dschxn. To a solution of 3.74 ml (0.0350 mol)
salicylaldehyde in 100 ml of 100% ethanol were added
2.00 g (0.0175 mol) cis-1 , 2-diaminocyclohexane and a
stirbar. The reaction was stirred and maintained at
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reflux for 24 hours. Upon cooling and suction filtering,
a yield of 4.64 g (82%) of a fluffy yellow solid was
isolated. One spot was observed on the thin layer
chromatogram (Rf = 0.5; silica; eluent 1 : 1
chloroform : cyclohexane) . The melted between 139 C
and 140 oC. The ligand was dried at 100 C for three days
under vacuum (water aspirator) to remove any solvent of
crystallization. No melting range was reported (25).
Anal. Calcd. for C20H22N2O2: C, 74.51; H, 6.88; N, 8.69.
Found: C, 74.38; H, 6.87; N, 8.73.
Bis ( N , N
'
-disalicylidene-cis-1 , 2-diaminocyclohexane ) -
zirconium(IV) , Zr(cis-dschxn) 2 . Under a dry nitrogen
atmosphere (glovebag), a stirbar and 2.60 ml (0.00238 mol)
of Zr(0Bu)4 BuOH were added to a solution of
3.50 g (0.0120 mol) of cis-H2dschxn in 250 ml of 100%
ethanol. The reaction mixture was stoppered, removed from
the glovebag and fitted with a condenser equipped with a
drying tube (CaCl2). The reaction mixture was stirred and
maintained at reflux for 20 hours. After, the suspension
was cooled, a yield of 2.83 g (63%) of an off white
colored solid was isolated by suction filtration. The
complex exhibited one spot on the thin layer chromatograms
(Rf = 0.4; silica; eluent 1 : 1
chloroform : cyclohexane); (Re = 0.9; silica; eluent
10 : 0.5 Chloroform : cyclohexne) . The complex
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discolored between 280 c and 366 C. The complex was
dried at 100 C for three days under vacuum (water
aspirator) to remove any solvent of crystallisation.
Anal. Calcd. for C4oH4oN404Zr : C, 65.54; H, 5.50;
N, 7.64; Zr, 12.4.
Found: C, 65.50; H, 5.47; N, 7.62; Zr, 12.2.
N , N
'
-Disalicylidene-trans- 1 , 2-diaminocyclohexane ,
trans -H2dschxn (26). To a solution of 23.0 ml (0.216 mol)
salicylaldehyde in 500 ml of 100% ethanol were added
13.1 ml (0.108 mol) of trans-1 , 2-diaminocyclohexane and a
stirbar. The reaction was maintained at reflux for 12
hours. Upon cooling, a yellow precipitate formed. A
yield of 21.9 g (63%) of a fluffy yellow solid was
isolated by suction filtration. The ligand exhibited one
spot on the thin layer chromatogram (Rf = 0.85; silica;
eluent 10 : 0.5 chloroform : cyclohexane). The ligand
melted between 116 C and 117 C; literature, 119 c (26).
Bis ( N , N
'
-disalicylidene-trans- 1 , 2-diamino
cyclohexane )zirconium( IV) , Zr(trans-dschxn)2 . Under a dry
nitrogen atmosphere (glovebag), a stirbar, and 6.4 ml
(0.015 mol) of Zr(0Bu)4 BuOH were added to a solution of
9.4 g (0.030 mol) trans-H2dschxn in 500 ml of 100%
ethanol. The reaction mixture was stoppered, removed from
the glovebag and fitted with a condenser equipped with a
drying tube (CaCl2). The reaction mixture was stirred and
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maintained at reflux for 18.5 hours. The suspension was
cooled and suction filtered. A yield of 9.96 g (94%) of a
light yellow solid was obtained. The complex exhibited
one spot on the thin layer chromatograms (Rf = 0.5;
silica; eluent 1 : 1 chloroform : cyclohexane);
(Rf = 0.9; silica; eluent 10 : 0.5
chloroform : cyclohexane). The complex discolored between
280 oc and 390 oC The complex was dried at 100 c under
vacuum (water aspirator) for three days to remove any
solvent of crystallization.
Anal. Calcd. for C4oH4oN404Zr : C, 65.55; H, 5.50;
N, 7.64; Zr, 12.4.
Found: C, 65.56; H, 5.53; N, 7.55; Zr, 12.1.
N,
N'
-Disalicylidene-1, 2-phenylenediamine, H2dsp (27).
To a solution of 5.60 g (0.0.054 mol) of 1 , 2-phenylene
diamine in 250 ml of 100% ethanol were added
11.5 ml (0.108 mol) of salicylaldehyde and a stirbar. The
reaction mixture was stirred and maintained at reflux for
2 hours. Upon cooling, a yield of 10.85 g (66%) of a
fluffy orange solid was isolated by suction filtration.
The ligand exhibited one spot on the thin layer
chromatogram after being recrystallized from methylene
chloride and petroleum ether (Rf = 0.7; silica; eluent
1 : 1 methylene chloride : cyclohexane). The ligand
melted between 164 c and 165 oC; literature 163 C (27).
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Bis ( N , N
'
-disalicylidene-1 , 2-pheny lenediamino ) -
zirconium(IV), Zr(dsp)2 (15). Under a dry nitrogen
atmosphere (glovebag), a stirbar and 3.20 ml (0.00800 mol)
of Zr(0Bu)4 BuOH were added to a solution of
4.70 g (0.0160 mol) of H2dsp in 250 ml of 100% ethanol.
The reaction mixture was stoppered, removed from the
glovebag and fitted with a reflux condenser equipped with
a drying tube (CaCl2). The reaction mixture was stirred
and maintained at reflux for 21.5 hours. The suspension
remained at room temperature for two weeks , after which a
yield of 4.16 g (78%) of a bright yellow solid was
isolated by suction filtration. The complex exhibited one
spot on the thin layer chromatograms (Rf = 0.3; silica;
eluent 1 : 1 methylene chloride : cyclohexane) ;
(Rf = 0.5; silica; eluent 10 : 0.5
chloroform : cyclohexane). The complexed decomposed
between 398 C and 400 C (uncorrected) . The complex has
been reported to commence decomposition at 400 C (28).
Characterization. All infrared spectra were obtained
as KBr mulls with a Perkin-Elmer model 681 Grating
Spectrophotometer and calibrated against polystyrene.
The 200 MHz IH-NMR spectra of cis-H2dschxn, trans-
H2dschxn, H2dsp, Zr(cis-dschxn) 2 , Zr( trans-dschxn) 2 , and
Zr(dsp)2 dissolved in CDC13 with TMS as the internal
reference were obtained using a Nicolet NT-200 NMR
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spectrometer. The 400 MHz IH-NMR spectra of cis-H2dschxn,
trans-H2dschxn, H2dsp, Zr(cis-dschxn) 2 , Zr( trans-dschxn) 2 ,
and Zr(dsp)2 dissolved in DMSO-de with the deuterium
signal as the internal reference were obtained using a
Varian XL-400 NMR spectrometer at Cornell University.
Ultraviolet-visible spectra were obtained, using a Perkin-
Elmer 552A UV-VIS Spectrophotometer, as methylene chloride
solutions. The spectra were plotted on a Perkin-Elmer 561
recorder. Thermal gravimetric analyses were obtained using
a Perkin-Elmer TGS-2 Thermogravimetric Analyzer, a Perkin-
Elmer System 4 Thermal Analysis Microprocessor Controller,
a Perkin-Elmer Heater Controller, a Perkin Elmer Gas
Selector, a Perkin-Elmer TGS-2 Balance Controller, and a
Perkin Elmer Data Thermal Analysis Station. Thermal plots
were obtained using a Perkin-Elmer Graphics Plotter 2.
Corrected thermogravimetric analysis temperatures were
obtained using the temperature calibration curve found in
Appendix B. Uncorrected melting points were determined in
a Laboratory Devices MEL-TEMP melting point apparatus .
Elemental Analyses for carbon, hydrogen, and nitrogen were
preformed at Microlytics Laboratory. Zirconium analysis
was preformed at the Rochester Institute of Technology.
Crystal growth. A single crystal of
Zr( trans-dschxn) 2 was obtained from a saturated solution
of methylene chloride which was initially filtered through
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fritted glass and then allowed to slowly evaporate at
-3 oc from a beaker topped with a watch glass. See
Appendix C for the preliminary results of a single X-ray
diffraction study conducted at the University of Delaware
by Professor Arnold Rheingold.
Low temperature iH-NMR spectra. Low temperature
400 MHz IH-NMR spectra of the complexes were obtained
separately as CD2CI2 solutions with TMS as the internal
reference on a Varian XL-400 NMR Spectrometer located at
Cornell University. To determine if the complexes
remained dissolved at -95.1 oC, a slush bath of liquid
nitrogen and methylene chloride was prepared. The
complexes were dissolved in methylene chloride and placed
in three separate sample tubes . The sample tubes were
placed into the slush bath and allowed to equilibrate for
five minutes. Immediately after removing the tubes, the
contents were viewed for complex precipitation and solvent
solidification .
High temperature ligand exchange behavior. Elevated
temperature 400 MHz IH-NMR spectra of the free ligands,
complexes, mixtures of the ligands and complexes, and
mixtures of the complexes were obtained at 165 C, after
temperature equilibration at 165 <>C (oil bath) for one
hour, as DMSO-de solutions with deuterium as the internal
reference on a Varian XL-400 NMR Spectrometer located at
22
Cornell University.
The three complexes Zr(dsp)2, Zr(cis-dschxn) 2 ,
Zr( trans-dschxn) 2 were separately dissolved in DMSO-de,
placed in three separate NMR tubes, sealed with a
methane/oxygen flame, and place in an oven at 155 c for
four days. After cooling to ambient temperature, the
tubes were broken open and the contents of each were
poured into three separate NMR tubes along with a portion
of TMS. Their 200 MHz iH-NMR spectra were obtained on a
Nicolet Nt-200 NMR spectrometer. The three thin layer
chromatograms of the preheated complexes all exhibited one
spot (Rf = 0.9; silica; eluent 10 : 0.5
chloroform : cyclohexane).
The free ligands, cis-H2dschxn, trans-H2dschxn, and
H2dsp were dissolved in DMSO, placed into an NMR tube and
decomposed using an air gun. The ligand decomposition
solutions were then separately analyzed using thin layer
chromatography. The three solutions exhibited similar
chromatograms (Rf = 0.0, 1.0; silica; eluent 10 : 0.5
chloroform cyclohexane) .
The three binary mixtures, Zr(dsp) 2/Zr(cis-dschxn) 2 ,
Zr(dsp) 2 /Zr( trans-dschxn) 2 , and
Zr(cis-dschxn) 2/Zr( trans-dschxn) 2 were dissolved in
DMSO-de, placed into three separate NMR tubes, sealed with
a methane/oxygen flame, and oven heated at 155 c for four
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days . Each tube was broken open and the contents were
poured into a separate NMR tube along with a portion of
TMS after cooling to ambient temperature. Their
200 MHz iH-NMR spectra were obtained on a Nicolet NT-200
NMR Spectrometer. The three thin layer chromatograms of
the preheated mixtures all exhibited two spots (Rf = 0.7,
0.9; silica; eluent 10 : 0.5 chloroform : cyclohexane;
the Rf = 0.7 spot is new).
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RESULTS
Synthesis . N , N
'
-Disalicylidene-1 , 2-phenylenediamine ,
H2dsp (27). The reaction of stoichiometric amounts of
salicylaldehyde and 1 , 2-phenylenediamine, Scheme 1,
yielded the desired Schiff's base ligand.
Scheme 1
H
\
o-o
H,N
100% EtOH
(-2H,0)
H2dsp
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N , N
'
-Disalicylidene-1 ,
2-cis-diaminocyclohexane ,
cis-H2dschxn. The reaction of stoichiometric amounts of
salicylaldehyde and cis-1 , 2-diaminocyclohexane, Scheme 2,
yielded the desired Schiff's base ligand.
Scheme 2
H
\
0=0
0H H,N
100% EtQH_
(2Ht0)
H:
cis-H2dschxn
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N , N
'
-Disalicylidene- 1 , 2-trans-diaminocyclohexane ,
trans-H2dschxn (26). The reaction of stoichiometric
amounts of salicylaldehyde and trans-1,2-
diaminocyclohexane, Scheme 3, yielded the desired Schiff's
base ligand.
Scheme 3
H
\
100% EtOH
(-2^0)
H
\ /
,0=N
N-C
OH HO
trans-H2dschxn
H
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Bis ( N , N
'
-disalicylidene-1 , 2-phenylenediamino ) -
zirconium(IV) , Zr(dsp)2 (15). The reaction of
stoichiometric amounts H2dsp and Zr(0Bu)4 BuOH, Scheme 4,
yielded the desired bis ( quadridentate) zirconium( IV)
complex.
Scheme 4
? 2r(OBu);BuOH i00EtOH.4 (-5 BuOH)
Zr(dsp)2
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Bis ( N , N
'
-disalicylidene-cis-1 , 2-diaminocyclohexane) -
zirconium(IV) , Zr(cis-dschxn) 2 . The reaction of
stoichiometric amounts of cis-H2dschxn and Zr(0Bu)4 BuOH,
Scheme 5, yielded the desired bis (quadridentate )-
zirconium( IV) complex.
Scheme 5
H
\ /
tf
NC
OH HO
? 2r(OBu)-BuOH K>0% EtOH
4
("5 BuOH)
Zr(cis-dschxn)2
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Bis (N , N
'
-disalicylidene-trans-1 ,
2-
diaminocyclohexane)zirconium(IV) , Zr( trans-dschxn) 2 . The
reaction of stoichiometric amounts of trans-H2dschxn and
Zr(0Bu)4 BuOH, Scheme 6, yielded the desired bis-
(quadridentate ) zirconium ( IV) complex .
Scheme 6
OH
HO'
+ ZHOBufcMH
BgL
H \ /
C=N N'
/
H
_J2
Zr( trans-dschxn) 2
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Characterization. The infrared, iH-NMR, and
ultraviolet-visible spectral data are collected in Tables
I, II, and III, respectively, for the Schiff's base
ligands and the bis ( quadridentate) zirconium( IV) complexes
(the spectra are collected in Appendix D) . Thermograms
obtained for Zr(cis-dschxn) 2 in nitrogen and air
atmospheres are illustrated in Figures 4 and 5
respectively. Thermograms obtained for Zr( trans-dschxn) 2
in nitrogen and air atmospheres are illustrated in
Figures 6 and 7 .
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Table I. Infrared characterisation data for Schiff's base
ligands and bis ( quadridentate )zirconium( IV)
complexes .
ComiDOunda Infrared Absornt ion (cm- lib Assignment
H2dspc 3600-3400 B,W H bonded 0-H
3080 M aromatic C-H
1620 S imine C=N
1560, 1480 S aromatic C-C
1275 S aromatic C-0
Zr(dsp)2= 3080-3020 M aromatic C-H
1615 S imine C=N
1540, 1470 S aromatic C-C
1310 s aromatic C-0
cis-H2dschxn 3600-3400 B,W H bonded 0-H
3080 W aromatic C-H
2950-2860 M aliphatic C-H
1630 s imine C=N
1580, 1500 s aromatic C-C
1280 s aromatic C-0
Zr(cis-dschxn) 2 3070-3020 w aromatic C-H
2940-2860 M aliphatic C-H
1635 s imine C=N
1550, 1480 S aromatic C-C
1325 S aromatic C-0
trans -H2dschxn 3600-3300 B,W H bonded 0-H
3080-3020 W aromatic C-H
2960-2860 M aliphatic C-H
1635 S imine C--N
1500, 1585 S aromatic C-C
1280 S aromatic C-0
Zr( trans-dschxn) 2 3080-3020 w aromatic
C-H
2980-2860 M aliphatic C-H
1625 S imine C=N
1555, 1475 s aromatic C-H
1325 s aromatic C-H
aSpectra obtained as KBr mulls and calibrated against
polystyrene. *B = broad; S = strong; M = medium;
W = weak. <=See reference 15.
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Table II. Nuclear magnetic resonance characterization
data for the Schiff's base ligands and the
Bis(quadridentate)zirconium(IV) complexes .
Compound-- $Shift(PPMH>Mu1t.i,plicitycIntegration Assignment
H2dspd
Zr(dsp) 2<3
cis-H2dschxn
Zr (cis-dschxn) 2
13.28e, f s
8.92 s
7.66 d
7.42 m
6.96 m
8.72 s
7.60 m
7.48 m
7.34 d
6.98 t
6.44 t
5.76 m
13.43e,f s
8.54 s
7.40 d
7.30 t
6.85 m
3.64 m
1.72 m
1.52 m
8.41 s
8.33 s
7.28 d
7.14 m
6.96 t
6.52 t
6.41 m
6.24 d
4.62 d
2.65 m
1.80 m
1.70 m
2
2
6
4
4
4
4
4
4
4
6
2
2
2
4
2
6
2
2
2
2
4
2
2
4
2
4
4
10
2
0-H
iraine-H
Ar-H
Ar-H
Ar-H
imine-H
Ar-H
Ar-H
Ar-H
Ar-H
Ar-H
Ar-H
0-H
imine-H
Ar-H
Ar-H
Ar-H
=N-C-H
-CH2-
-CH2-
imine-H
imine-H
Ar-H
Ar-H
Ar-H
Ar-H
Ar-H
Ar-H
=N-C-H
-CH2-
-CH2-
-CH2-
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Table II. (Cont'd)
Compound 5 Shift (PPM) Multiplicity Integration Assignment
trans-H2dschxn
Zr( trans-dschxn) 2
13.00e,f s
8.46 s
7.34 d
7.24 t
6.82 m
3.58 rn
1.60 m
8.30 s
8.28 s
7.22 d
7.15 d
7.02 m
6.41 m
6.24 m
4.23 m
2.04 m
1.69 m
2
2
2
4
1
3
2
3
3
4
4
4
4
8
0-
-H
imine-
-H
Ar-
-H
Ar-
-H
Ar-
-H
=N-C--H
-CH:
>-
imine-
-H
lmine-
-H
Ar-
-H
Ar-
-H
Ar-
-H
Ar-
-H
Ar-
-H
=N-C--H
-CH2>
-CH:j _
aThe solvent used to dissolve the compounds was
DMSO-d6 . bSignals obtained with deuterium as the
internal standard. cs = singlet, d = doublet,
m = multiplet. dSee reference 15. eThe solvent used
to determine the phenolic proton signals in the
Schiff's base ligands was CDC13 . ^Shifts reported
relative to TMS.
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Table III. Ultraviolet-visible characterization data for
Schiff's base ligands and bis (quadridentate )-
zirconium( IV) complexes.
Compound* Absorbance maximum (nm) Log t
H2dspc 334 4.28
271 4.37
Zr(dsp)2c 370 4.53
290 4.61
251 4.90
cis-H2dschxn 318 3.99
258 4.42
Zr(cis-dschxn)2 334 4.25
<244
trans-H2dschxn 314 4.04
254 4.43
Zr( trans-dschxn) 2 337 4.23
<244
aAll spectra obtained with CH2CI2 as the solvent.
b6 = molar extinction coefficient. cData obtained from
an earlier study (15).
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Figure 4 The nitrogen
atmosphere thermogram of
Zr(cis-dschxn)2 .
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Figure 5 The air atmosphere
thermogram of
Zr(cis-dschxn)2 .
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Figure 6 The nitrogen
atmosphere
thermogram of
Zr( trans-dschxn) 2 .
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Figure 7 . The air atmosphere thermogram of
Zr( trans-dschxn) 2 .
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Low temperature iH-NMR. The IH-NMR spectra of
Zr(dsp)2 and Zr( trans-dschxn) 2 , obtained at -95 c in
CD2CI2, were both similar to their ambient temperature
IH-NMR spectra (see Appendix D) . The iH-NMR spectrum of
Zr(cis-dschxn)2 obtained at -95 c in CD2CI2 was
significantly different than its spectrum obtained at
ambient temperature in CD2CI2 (these spectra are included
in Appendix D) . Table IV compares the iH-NMR signals
exhibited by Zr(cis-dschxn) 2 at ambient temperature and
-95 oc.
NMR tubes containing methylene chloride solutions of
Zr(dsp)2, Zr(cis-dschxn)2 , and Zr( trans-dschxn) 2 showed no
indication of complex precipitation or solution
solidification after cooling to the temperature of a
methylene chloride/liquid nitrogen slush bath.
High temperature ligand exchange behavior. The !H-NMR
spectrum of a ligand, H2dsp, at 165 C in DMSO-de exhibited
several different signals than its ambient temperature
IH-NMR spectrum in DMSO-de (see Appendix D) . Table V
compares the signals observed in the ambient temperature
spectrum to the signals observed in the spectrum obtained
at 165 oc.
iH-NMR spectra of Zr(dsp)2, Zr(cis-dschxn) 2 , and
Zr(trans-dschxn) 2 were obtained separately at ambient
temperature and at 165 oC in DMSO-de (see Appendix D) . The
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Table IV. IH-NMR spectral signals of Zr(cis-dschxn) 2 at
ambient temperature and -95 oc.a.b.c
-95 QC Shifts (FPM)Ambient temperature fi Shift
8.31 s
8.24 s
7.16 m
7.13 d
7.00 rn
6.57 t
6.55 m
6.22 d
4.65 s
2.74 m
1.86 rn
1.69 m
8.50 s
8.30 m
7.43 s
7.20 m
6.98 m
6.60 rn
5.29 d
4.11 m
2.78 rn
2.62 m
2.02 ra
1.65 rn
aSpectra obtained as CD2CI2 solutions. &A11 shifts
reported relative to TMS. cs = singlet;
d = doublet; t = triplet; m = multiplet.
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Table V. iH-NMR spectral signals of H2dsp at ambient
temperature and 165 oc.a.b
Ambient Temperature 8 Shifts PPM) 165 oC Shifts (PPM)
13 .28 s
8 .92 s
7 .66 d
7 .42 m
6 .96 m
8.86 s
7.73 d
7.63 d
7.52 d
7.41 s
7.30 m
7.06 d
6.91 m
6.67 m
aSpectra obtained as DMS0-d6 solutions.
bs = singlet; d = doublet; ra = multiplet.
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spectra of Zr(dsp)2 and Zr(cis-dschxn) 2 were similar to
their ambient temperature iH-NMR spectra in DMSO-de.
However, for Zr( trans-dschxn) 2 the imine regions in the
ambient temperature and 165 c spectra were different. At
165 oc, one imine signal at 8.30 PPM is observed while at
ambient temperature two imine signals are observed; one at
68.30 PPM and one at 5 8.28 PPM.
The IH-NMR spectra of three binary mixtures,
Zr(dsp)2/Zr(cis-dschxn)2, Zr(dsp) 2/Zr( trans-dschxn) 2 , and
Zr(cis-dschxn)2/Zr(trans-dschxn)2 were obtained at 165 oc
in DMSO-de (see Appendix D) . The spectra of the mixtures
appeared to be superpositions of the individual iH-NMR
spectra for the complexes obtained at 165 C in DMSO-de.
The iH-NMR spectra obtained after the binary mixtures
of the complexes listed above were heated at 155 c for
four days and cooled to ambient temperature were not
similar to simple superpositions of the room temperature
iH-NMR spectra of the individual complexes (see
Appendix D) . Table VI lists the new signals that were
appeared in the spectra the pairs of complexes after being
heated for four days .
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Table VI iH-NMR signals of the binary mixtures of
complexes . a
Complex Mixt.i-rflb 5 Shift (PPM^c
Zr(dsp) 2/Zr(cis-dschxn) 2
Zr(dsp) 2/Zr ( trans-dschxn) 2
Zr(cis-dschxn) 2/Zr( trans-dschxn) 2
8.74 s
8.66 d
8.45 s
8.36 s
7.18 m
6.29 m
5.76 rn
4.66 m
2.71 m
2.10 s
1.77 m
8.78 s
8.68 s
8.40 s
8.30 s
7.60 m
7.32 m
7.02 m
6.48 m
6.31 d
5.75 m
4.20 m
2.10 m
1.65 m
8.40 d
8.73 d
7.20 m
6.40 m
4.63 m
1.63 m
aMixtures heated for four days at 155 C and then cooled
to ambient temperature. bSpectra obtained as DMSO-de
solutions. cShifts reported relative to TMS.
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DISCUSSION
Synthesis. The preparation of the two previously
unreported bis (quadridentate) zirconiura( IV) complexes,
Zr(cis-dschxn)2 and Zr( trans-dschxn) 2 from Zr(0Bu)4 BuOH
and the respective free Schiff's base ligand was a
straight forward method of synthesis (29). The reaction
relied on the ability of the coordinated butoxide ligands
of Zr(0Bu)4 BuOH to deprotonate the phenoxy-protons
located on the aromatic side arm moieties of the free
ligand. Simply, a Brd^nsted-Lowry acid-base reaction
occurred in which a stronger acid (the free ligand) and a
stronger base [Zr(0Bu)4 BuOH] reacted to form a weaker
conjugate acid (butanol) and a weaker conjugate base [the
bis ( quadridentate )zirconiura( IV) complex]. The weaker
acid-base pair was the favored product (30) based upon
enthalpy considerations (31). Furthermore, entropy or the
chelate effect (32,19) most likely provided a driving
force promoting the forward reaction. The solvent,
100% ethanol, was utilized because, when hot, it possessed
the ability to dissolve simultaneously the free Schiff's
base ligand and Zr(0Bu)4 BuOH. Also, the anhydrous
property of 100% ethanol was desirable because the
starting material, Zr(0Bu)4 BuOH was easily
hydrolyzed (33) to the unreactive [ Zr4 (OH) s (H2O) ie ] 8+
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complex coordinate cation (34). A glovebag, supporting a
nitrogen atmosphere dried over CaH2 , was utilized for the
addition of the anhydrous materials. Finally, the reflux
condenser was fitted with a drying tube to insure that the
system remained free of excess moisture.
Characterization. The methods used to confirm the
identities of Zr(cis-dschxn) 2 and Zr( trans-dschxn) 2 were
similar to those used to characterize Zr(dsp)2 (15).
Thermal data, spectral changes exhibited by the Schiff's
base ligands upon complexation, and elemental analysis
results were used to confirm the identities of the two
previously unreported bis ( quadridentate )zirconium( IV)
complexes. Also, an X-ray crystal structure has been
obtained for the Zr( trans-dschxn) 2 complex (see
Appendix C for preliminary results). These methods will
be discussed in the previously mentioned order.
The free Schiff's base ligand, cis-H2dschxn, was
observed to melt between 139 C and 140 c (uncorrected) .
Whereas, after the complexation reaction was completed,
the isolated product commenced thermal decomposition at
337 oc (corrected). The degradation temperature was
confirmed by thermogravimetric analysis in nitrogen and
air atmospheres by the initiation of weight loss, see
Figures 4 and 5 respectively. In a similar manner the
free Schiff's base ligand, trans-H2dschxn , exhibited a
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melting range of 116 oc through 117 oc (uncorrected),
whereas after the complexation reaction was preformed, the
isolated product commenced decomposition at 387 c
(corrected). The onset of degradation was also confirmed
by thermogravimetric analysis in nitrogen and air
atmospheres by the initiation of weight loss. See
Figures 6 and 7 respectively. The behavior of the
products is typical of previously reported eight-
coordinate zirconium(IV) complexes (15,19). Thus, the
thermal investigation supports the existence of the two
previously unreported bis ( quadridentate )zirconium( IV)
complexes. Further evidence supporting the successful
synthesis of the complexes may be obtained from
spectroscopic analysis.
The infrared and iH-NMR spectra relate information
pertaining only to the bonds in the ligands. Since the
zirconium cation is covalently bonded to the ligands, the
spectra should be markedly different than the spectra of
the free ligands. Hence, the coordination of a Schiff's
base ligand to a metal atom has been reported to change
regions of the ligand 's infrared spectrum (15,35,36).
When the phenyl-oxygen vibrational frequency of
cis-H2dschxn, located at 1280
cm- i
, was compared to the
phenyl-oxygen frequency of the product isolated from the
complexation reaction, it was observed that the
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phenyl-oxygen vibrational frequency of the product was
significantly more energetic (refer to Figures 8 and 9).
The same observation was noted for trans-H2dschxn and the
product isolated from its complexation reaction (refer to
Figures 10 and 11). A possible explanation of this
observation may be that the electron density, delocalized
from the aromatic ring of the ligand, was concentrated in
part, between the oxygen atom and the phenyl ring. This
electron redistribution was permitted as a result of the
formation of an oxygen to zirconium covalent bond. The
increased electron density between the phenyl carbon atom
and the oxygen atom could account for the observed
increase in the phenyl-oxygen vibrational frequency
characteristic of the spectra of the products isolated
from the complexation reactions .
The change in the aromatic phenyl-oxygen vibrational
frequency upon coordination is only one portion of
supportive evidence which may be extracted from the
infrared spectroscopic comparison. The carbon-carbon
vibrational frequencies of the free Schiff's base ligands
and the products of the complexation reactions were also
different. The aromatic carbon-carbon vibrations
attributed to the phenyl rings of cis-H2dschxn located at
1580 cm-i and 1500 cm- 1 (refer to Figure 12), were shifted
upon complexation (refer to Figure 13) to 1550 cm-i and
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Figure 8. The infrared spectrum of cis-H2dschxn in the
phenyl-oxygen region.
49
Potassium
Bromide _
1400 1200 1000
WAVENUMBB (CM )
Figure 9. The infrared spectrum of Zr(cis-dschxn)
2 in the
phenyl-oxygen region.
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Figure 10. The infrared spectrum of trans-H2dschxn in the
phenyl-oxygen region.
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Figure 11. The infrared spectrum of Zr( trans-dschxn) 2 in
the phenyl-oxygen region.
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Figure 12. The infrared spectrum of cis-H2dschxn in the
aromatic C-C region.
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Figure 13. The infrared spectrum of Zr(cis-dschxn) 2 in the
aromatic C-C region.
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1480 cm-i respectively Similar changes were observed in
the spectra of trans-H2dschxn and the product of its
complexation reaction (refer to Figures 14 and 15). A
possible explanation of the observed spectral changes may
be revealed from the following scenario. Upon
coordination to facilitate ligand to metal bonds, the
zirconium cation draws electron density away from the
electron rich aromatic ring. The net loss of electron
density would result in the lengthening of the carbon to
carbon bonds , and a lowering of the vibrational energy
associated with those bonds. This was also observed for
Zr(dsp)2 (15). Note: There is further evidence for
electron derealization away from the phenyl rings in the
iH-NMR spectra (see below).
The imine vibrational frequencies located at
1630 cm-i for cis-H2dschxn and 1635 cm- i for
trans-H2dschxn, did not change appreciably upon
coordination. This observation is consistent with the
observations of other investigators utilizing
salicylaldimine ligands (15,37,38,39). The imine group
apparently was not perturbed to a large extent upon
coordination to zirconium (40). The crystal structure of
Zr(dsp)2 (15) may serve as a model to help explain this
phenomenon. The ligand donor atoms of Zr(dsp)2 are
located at the vertices of a dodecahedron, with the
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Figure 14. The infrared spectrum of cis-H2dschxn
in the aromatic C-C region.
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Figure 15. The infrared spectrum
of Zr( trans-dschxn) a
in the aromatic C-C region.
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zirconium cation located in the geometric center. The
imine nitrogens occupy the A vertices while the phenyl-
oxygens occupy the B vertices of the dodecahedron (refer
to Figure 2). Since the A vertices are further removed
from the metal cation than the B vertices, those atoms
occupying or neighboring the A vertices are less affected
upon coordination than those atoms occupying or
neighboring the B vertices. This fact is consistent with
the empirical observation that the imine vibrational
frequency of H2dsp and Zr(dsp)2 are nearly identical.
Digressing, this model also serves to explain why the
frequencies associated with the phenyl-oxygen bonds and
its neighboring aromatic side arm moieties are more
perturbed upon coordination.
If the products of the complexation reactions of
cis-H2dschxn and trans-H2dschxn crystallized into a
dodecahedral arrangement, the infrared spectra of the
products should be consistent with Zr(dsp)2. Present
indications support this hypothesis.
The last portion of conclusive evidence that can be
extracted from the infrared spectroscopic comparison is
located in the hydroxy vibrational frequency region. It
was reported (15) that the OH stretching band present in
the spectrum of H2dsp was absent in the spectrum of
Zr(dsp)2. The absence of the hydroxy band supports the
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fact that the ligand must first become deprotonated to
form a neutral complex with the zirconium cation.
However, the infrared spectra of both of the products
isolated from the two complexation reactions appear to
exhibit a hydroxy band. This band was most likely a
result of water absorbed in the KBr used to make the
sample mulls. Therefore, evidence of ligand deprotonation
can not be established from either infrared spectrum.
Note: it will be apparent that ligand deprotonation had
occurred after examination of the iH-NMR spectra of the
products of the complexation reactions .
The infrared spectrum of cis-H2dschxn juxtaposed to
the infrared spectrum of its complexation reaction product
as well as the infrared spectrum of trans-H2dschxn
juxtaposed to the infrared spectrum of its complexation
reaction product exhibit similar differences. These
differences when viewed along with the differences
exhibited by the juxtaposition of the infrared spectra of
H2dsp and Zr(dsp)2 suggest that the bis ( quadridentate ) -
zirconium( IV) complexes of cis-H2dschxn and trans-H2dschxn
have been synthesized.
The ultraviolet-visible spectra of cis-H2dschxn and
trans-H2dschxn were similar to the ultraviolet-visible
spectrum reported for H2dsp in that two absorbance maxima
were observed for each, with similar molar extinction
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coefficients (15). The products isolated from the
complexation reactions of cis-H2dschxn and
trans-H2dschxn exhibited ultaviolet-visible spectra that
differed from that of the free Schiff's base ligands. The
band present in each spectrum at approximately 315 nm for
the free ligands was shifted to approximately 335 nm in
the products'spectra. Apparently, the zirconium cation
disrupts the electronic transitions of the ligand upon
coordination. Similar results were observed for the
H2dsp/Zr(dsp)2 system (15). Further evidence of
electronic disruptions experienced by the ligands upon
complexation is displayed by noting that the bands at
approximately 255 nm in the spectra of cis-H2dschxn and
trans-H2dschxn are shifted to to wavelengths below the
aprroximate 244 nm cut-off of the methylene chloride
solvent, in the spectra of the products isolated from the
complexation reactions . One difference among the spectra
is that the spectrum of Zr(dsp)2 diplays three bands where
only two bands are present in the spectra of the products
isolated from the complexation reactions. Since the
ligand in Zr(dsp)2 has an aromatic diamine backbone moiety
and the two ligands (cis-H2dschxn and trans-H2dschxn) have
a saturated backbone, the absence of one band in the
spectra of the complexation products is most likely due to
the absence of electronic transitions associated with the
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aromatic diamine backbone moiety. Thus, the ultraviolet-
visible spectra of the products obtained from the
complexation reactions of cis-H2dschxn and
trans-H2dschxn are consistent with bis (quadridentate) -
zirconium( IV) complexes.
Further evidence of the existence of the previously
unreported bis ( quadridentate )zirconium( IV) complexes of
cis-H2dschxn and trans-H2dschxn was obtained from the
comparison of the iH-NMR spectra of the free Schiff's base
ligand and the product of its complexation reaction. It
has been reported (15) that the iH-NMR spectrum of the
coordinated ligand in Zr(dsp)2 was significantly different
than the spectrum of H2dsp. Similar differences were
present in the spectra of cis-H2dschxn and the product of
its complexation reaction as well as in the spectra of
trans-H2dschxn and the product of its complexation
reaction. These differences are discussed as follows.
As was previously mentioned, the free Schiff's base
ligand must be deprotonated upon complexation to form a
neutral eight-coordinate complex with the zirconium
cation. Therefore, confirmation of deprotonation was
obtained by comparing the iH-NMR spectra of the free
Schiff's base ligands to the spectra of the products
isolated from the complexation reactions. The cis-
Hadschxn and trans-H2dschxn Schiff's base ligands
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exhibited phenolic proton signals at 13.43 PPM and
0 13.00 PPM respectively. The assignments were made by
recognizing that the phenolic protons, being deshielded by
the aromatic rings and the oxygen atoms, are further
desheilded by hydrogen bonding with the ortho-imine
functionalities (41). Therefore, these signals should
appear the furthest downfield. The products isolated from
the complexation reactions do not exhibit any signals that
can be attributed to phenolic protons desheilded by
hydrogen bonding; refer to Figures 16, and 17 for spectral
comparison. The absence of the phenolic proton signal in
each spectrum established that the ligands exist in the
deprotonated state in the products isolated from the
complexation reactions .
Further evidence of ligand complexation is apparent
from the differences displayed in the aromatic regions of
the iH-NMR spectra of the free Schiff's base ligand and
the products isolated from the complexation reactions. As
was described in the infrared discussion, the phenyl side
arms of the ligand experience a disruption of their
aromaticity in the presence of the metal cation. The free
ligands display aromatic proton signals in the region
between 5 7.40 PPM and 56.80 PPM. However, the products
of the complexation reactions of the free Schiff's base
ligands exhibit several more signals in the region from
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Figure 16. The comparison of the imine regions of the
iH-NMR spectra of cis-H2dschxn and
Zr(cis-dschxn) 2 . See Appendix D for expanded
spectra.
63
Zr ( trans-dsc h::r. ) =
w
t r
8
Figure 17. The comparison of the imine regions of the
iH-NMR spectra of trans-H2dschxn and
Zr( trans-dschxn) 2 .
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5 7.30 PPM to 5 6.24 PPM which integrate for the same
number of aromatic protons found for the free ligand
(refer to Figures 18 and 19 for spectral comparison).
Apparently, the zirconium cation disrupts the magnetic
field of the aromatic rings when it relocates the electron
density from the rings toward the oxygen atom. The
disruption in the aromaticity apparently deshields
different protons in the rings to varying lesser extents,
thus accounting for the increased number and upfield
locations of signals.
The imine proton signals, present in the spectra of
the products isolated from the complexation reactions,
were located upfield of the imine signals present in the
spectra of the complementary Schiff's base free ligands.
Apparently, the zirconium cation is responsible for a net
shielding of the imine protons, which resulted in the
observed upfield shifts.
The iH-NMR spectra of the free Schiff's base ligands
and the respective products isolated from their
complexation reactions exhibit differences, consistent
with those of the H2dsp-Zr(dsp) 2 system, which suggest
that the previously unreported
bis(quadridentate)sirconium(IV) complexes of cis-H2dschxn
and trans-H2dschxn have been synthesized.
The elemental analyses obtained for each product
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Figure 18. The comparison of the aromatic region of the
IH-NMR spectra of cis-H2dschxn and
Zr(cis-dschxn) 2 .
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Figure 19. The comparison of the aromatic region of the
iH-NMR spectra of trans-H2dschxn and
Zr ( trans-dschxn) 2 .
67
isolated from the complexation reactions agreed, within
the experimental errors (+/- 0.3% for C, H, N, and
+/- 0.4% for Zr), with the calculated values for
Zr(cis-dschxn)2 and Zr( trans-dschxn) 2 . This fact coupled
with the evidence obtained from the thermal, and spectral
comparisons, should convince the reader that the products
isolated from the complexation reactions of cis-H2dschxn
with Zr(0Bu)4 BuOH and trans-H2dschxn with Zr(0Bu)4 BuOH
are Zr(cis-dschxn) 2 and Zr( trans-dschxn) 2 respectively.
The proposed structures for the complexes
Zr(cis-dschxn)2 and Zr( trans-dschxn) 2 are illustrated in
Figures 20 and 21 respectively. The structure of
Zr(dsp)2, obtained from a single crystal X-ray diffraction
study, is illustrated in Figure 22. The complexes are
each characterized by two salicylaldimine ligands
coordinated to a zirconium( IV) cation. The ligand donor
atoms are ordered similarly within each complex: oxygen,
nitrogen, nitrogen, oxygen. The two chelate rings formed
between the nitrogen and the adjacent oxygen donor atoms
have six sides, while the chelate ring formed by the two
adjacent nitrogen donor atoms has five sides. The only
differences between the three complexes are present in the
ligand 's diamine backbone moieties.
The diamine backbone of Zr (cis-dschxn) 2 is composed
of a six-member aliphatic ring with the imine nitrogen
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Figure 20. The complex Zr(cis-dschxn) 2
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Figure 21. The complex Zr( trans-dschxn) 2
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Figure 22. The complex Zr(dsp)2
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atoms substituted on the ring cis to each other in the
number one and two positions. The backbone of Zr(trans-
dschxn)2 is composed of a six-member aliphatic ring
withthe imine nitrogen atoms substituted on the ring trans
to each other in the number one and two positions. The
backbone of Zr(dsp)2 is composed of a six-member aromatic
ring with the coplanar imine nitrogen atoms substituted on
the ring in the number one and two positions. A single
crystal X-ray diffraction study has been obtaineded for
Zr( trans-dschxn) 2 further supporting the above
interpretation (see Appendix C) .
The stereochemisty of the saturated six membered ring
and its impact on the properties of the complexes . The
structural changes incorporated into the complexes were
made to elucidate the differences observed in the physical
and chemical behaviors of the complexes. If the
coordination geometries are indeed analogous , then the
observed differences in behavior could then be related
solely to the differences present in the backbone moieties
of the coordinated ligands. Consideration was be given to
solubility and thermal properties.
The first obvious difference among the three
complexes was observed during recrystallization of each
complex. It was noted that Zr(dsp)2 was readily soluble
in chloroform, diraethylsulfoxide, methylene chloride,
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tetrahydrofuran, dimethylformamide, and benzene. Zr(cis-
dschxn)2 was found to be readily soluble in chloroform,
dimethylsulfoxide, methylene chloride, and hot
dimethylformamide. Surprisingly, Zr( trans-dschxn) 2 was
only moderately soluble in methylene chloride and hot
dimethylsulfoxide, and only sparingly soluble in
chloroform.
Fact one, the molecularly larger, cyclic
solvents, benzene and tetrahydrofuran, were able to
solvate the molecules of Zr(dsp)2, but unable to solvate
the molecules of both Zr(cis-dschxn) 2 and
Zr( trans-dschxn) 2 . The increased solubility of Zr(dsp)2
must in fact be due to the aromatic backbone of the
complex. Possible explanations are the following. One,
it has been shown that the phenyl backbone of Zr(dsp)2 are
puckered out of the plane described by the a edge of a
dodecahedron and the zirconium atom (15). Since the
puckered backbone disrupts the overall symmetry of the
complex, it is possible that Zr(dsp)2 may not pack as
effectively into its crystal lattice as do Zr(cis-dschxn) 2
and Zr( trans-dschxn) 2 . The ineffective packing could
allow the larger, more planar solvent molecules of benzene
and tetrahydrofuran to enter into the crystal lattice of
Zr(dsp)2 and solvate the molecules of the complex.
However, these same solvent molecules could not enter the
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crystal lattice of the more ordered Zr(cis-dschxn) 2 and
Zr( trans-dschxn) 2 due to size constraints.
Yet, if the aliphatic backbones in Zr(cis-dschxn) 2
and Zr( trans-dschxn) 2 were puckered likewise out of the
plane described by the a edge of a dodecahedron and the
zirconium atom, the previous explanation would appear to
be incorrect. Thus, the increased solubility of Zr(dsp)2
in benzene and tetrahydrofuran might be accounted for by
more pronounced dipole-dipole interactions between the
solvent and the phenyl backbone. This type of interaction
has been observed in chromatographic columns and is used
to separate polycyclic aromatic hydrocarbons of various
sizes (42).
Since the two explanations are both viable, confirmed
crystal structure determinations of both
Zr(cis-dschxn) 2 and Zr( trans-dschxn) 2 are necessary to
determine which explanation , if either, is correct.
Fact two, there exists a large difference in the
solubilities of Zr(cis-dschxn) 2 and Zr( trans-dschxn) 2 .
The X-ray investigation appended to this report (43) (see
Appendix C) indicates that the crystal packing of
Zr( trans-dschxn) 2 is highly ordered. Since the molecules
of Zr( trans-dschxn) 2 pack very efficiently in the crystal
lattice, it is probable that the solvent molecules have
more difficulty solvating the molecules of
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Zr( trans-dschxn) 2 sufficiently due to size constraints.
Since attempts to grow a crystal of Zr(cis-dschxn) 2 were
unsuccessful, its efficiency of crystal packing cannot be
assessed.
Both nitrogen and air thermograms of Zr (cis-dschxn) 2
(refer to Figures 4 and 5) exhibit the commencement of
decomposition at 337 c while both nitrogen and air
thermograms of Zr( trans-dschxn) 2 (refer to Figures 6
and 7) show decomposition to begin at 387 oC. It is
evident from the weight percentages of both complexes that
above 500 C in the air atmosphere, the final
decomposition product is Zr02 . The calculations used to
justify this statement are presented below.
Molecular Weight of Zr( trans-dschxn) 2 ... 732.0 g mol-i
Molecular Weight of Zr02 123.2 g mol-i
Weight Percent of Zr02 :
(123.2 g mol-i / 732.0 g mol-i)*100 = 16.8%
% Weight Remaining at 600 c 16.7%
Molecular Weight of Zr(cis-dschxn) 2 732.0 g mol-i
Molecular Weight of Zr02 123.2 g mol-i
Weight Percent Zr02 16.8%
% Weight Remaining at 600 C 16.7%
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This conclusion is also supported by the qualitative
argument that Zr02 is white in color and the decomposition
products isolated after the thermal analyses were white.
However, in a non-oxidizing atmosphere such as nitrogen,
the complexes continue to weight loss at temperatures
above 600 oc. Apparently, under the nitrogen atmosphere,
the organic ligands are not fully combusted to carbon
dioxide and water (as in the oxygen containing
atmosphere) .
The shapes of the decomposition curves, which may be
used to describe the mechanisms of decomposition, are
different for the two complexes in both atmospheres. In
the nitrogen atmosphere, the very gradual initial weight
loss for Zr(cis-dschxn) 2 differs from Zr( trans-dschxn) 2
most likely because of a different decomposition
mechanism. In the air atmosphere, it was also observed
that the shape of the thermogram of Zr(cis-dschxn) 2 was
different from that of Zr( trans-dschxn) 2 . Again, the
mechanisms for the combustion of the two complexes are
different.
The conclusions that were drawn from the
thermogravimetric analysis, based on the shapes of the
thermograms, are the following. First, the mechanism by
which the two complexes decompose in air is initiated
differently. Second, the mechanism by which the two
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complexes decompose in nitrogen is initiated differently,
and also appears to be slightly different once the
decomposition begins. Finally, the mechanism of
decomposition of the complexes in an oxidizing environment
is radically different than the mechanisms of
decomposition in a non-oxidizing atmosphere.
The results obtained from the thermal analyses
preformed on Zr(cis-dschxn) 2 and Zr( trans-dschxn) 2 also
support the contention made earlier, based upon the
solubilities, that the crystal packing arrangement of
Zr( trans-dschxn) 2 is more ordered than that of Zr(cis-
dschxn)2. The temperature at which decomposition begins
may provide information concerning the efficiency which
with the crystal lattice is packed. Stronger internal
interactions should lead to a more temperature stable
complex due to kinetic factors (less surface area to
react) and thermodynamic factors (more intermolecular
attractions). Thus, it can be stated that the increased
thermal stability of Zr( trans-dschxn) 2 may be due in part
to its more efficient crystalline packing arrangement.
Why should a stereochemical difference between the
imine nitrogen atoms in the backbone of the complexes
account for the different lattice packing efficiencies
previously described? The following is a possible
explanation. The complex Zr(cis-dschxn) 2 most probably
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has its nitrogen donor atoms arranged axial, equatorial or
equatorial, axial with respect to the cyclohexane moiety.
Thus, its ligand backbone of may experience an
interconversion, similar to that of cyclohexane (44),
without substantially changing its bonding interaction
with the zirconium cation. Refer to Figure 23 for an
illustrative perspective. However, Zr( trans-dschxn) 2 is
not likely to possess the ability to interconvert between
the two chair forms. The nitrogen donor atoms arranged
equatorial, equatorial with respect to the cyclohexane
moiety, would have to become axial, axial upon
interconversion to the other chair conformation, which
would make orienting their lone pair of electrons at the
zirconium cation a difficult endeavor. Refer to Figure 24
for an illustrative perspective. The nitrogen donor atoms
must direct their sp2 hybridized lone pair of electrons at
any or all of the empty (J bonding d orbitals (dz2, dyz,
and dxz) of the zirconium cation. Since the
interconversion of the backbone would tend to disrupt the
ligand to metal bonds, the complex is most probably locked
into the equatorial, equatorial chair conformation.
Hence, only one form of the complex can crystallize from
the solution leading to a more ordered, more efficiently
packed crystal lattice. Zr (cis-dschxn) 2 is most likely
less ordered based on this argument. Thus, the preceding
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Figure 23. The interconversion of the diamine backbone of
Zr(cis-dschxn) 2 .
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Figure 24. The interconversion of the diamine backbone of
Zr ( trans-dschxn) 2 .
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explanation may be used to explain why Zr(cis-dschxn) 2 is
easier to solvate and decompose.
Ligand motion at low temperatures. The fact that
there are two signals of equal intensity present in the
room temperature spectrum of Zr(cis-dschxn) 2 can now be
justified with the following hypothesis. If the room
temperature ring interconversion is fast on the NMR time
scale then, the cyclohexane backbone must be
interconverting in such a fashion that the two imine
protons are inequivalent . The sp2 hybridized carbons in
the diamine backbone of Zr(dsp)2 will not permit a similar
interconversion. Thus, Zr(dsp)2 exhibits one room
temperature imine signal. The cyclohexane backbone
interconversion is not possible for Zr( trans-dschxn) 2
because the nitrogen ligand donor atoms would be required
to become axial, axial with respect to the cyclohexane
backbone moiety.
The complexes were investigated in solution at low
temperatures . The solvent chosen for the investigation
was methylene chloride-d2 , the freezing point of which was
assumed to be almost identical to methylene chloride,
-95.1 oc.
While the complexes Zr( trans-dschxn) 2 and Zr(dsp)2
exhibited similar ambient and low temperature iH-NMR
spectra, the spectrum of Zr(cis-dschxn) 2 at ambient
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temperature and -95 oc were observed to be quite
different. The temperature at which the onset in the
signal change occurred was determined by collecting
spectra at several temperatures between ambient
temperature and -95 c. The imine region of those spectra
are illustrated in Figures 25 through 34. The temperature
at which the spectra begin to display changes in the imine
region is -73 c.
The possibility that the cyclohexane moiety, present
in Zr(cis-dschxn) 2 , has the opportunity to convert between
the two chair conformations has been previously discussed.
It may be possible that at extremely low temperatures, the
interconversion between the two conformations is slowed or
even stopped. The slowing would cause the imine protons
to be detected by the spectrometer in additional chemical
environments. In other words, those different
environments which were averaged at temperatures above
-73 c due to the interconversion of the cyclohexyl
backbone moiety exhibit their own signals below -73 c.
This explanation could account for the observed increase
in the number of imine signals. This hypothesis has
further support in that the axial and equatorial protons
of the nitrogen containing carbon atoms, were resolved
into signals at 5 4.06 PPM and 5 5-28 PPM after cooling to
-73 oc. The resolved signals arose from the averaged
Figure 25 The imine region of the
IH-NMR spectrum of
Zr(cis-dschxn)2 in CD2CI2 at 22.1 <>c.
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Figure 26. The imine region of the iH-NMR spectrum of
Zr(cis-dschxn)2 in CD2CI2 at 1.8 c.
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Figure 27. The imine region of the iH-NMR spectrum of
Zr(cis-dschxn)2 in CD2CI2 at -23.3 oc.
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Figure 28. The imine region of the iH-NMR spectrum of
Zr(cis-dschxn)2 in CD2CI2 at -47.7 <>c .
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nsure 29. The iine region
of the .H-MB speetrura of
Zr(cis-dschxn)2 in LD2U1* at
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Figure 30 The imine region of the
iH-NMR spectrum of
Zr(cis-dschxn)2 in CD2CI2 at -73.0 oC
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Figure 31. The imine region of the iH-NMR spectrum of
Zr(cis-dschxn)2 in CD2CI2 at -78.0 >c.
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Figure 32 . The imine region of
the iH-NMR spectrum of
Zr(cis-dschxn)2 in CD2CI2 at -83.0 oC.
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Figure 33. The imine region of the IH-NMR spectrum of
Zr(cis-dschxn)2 in CD2CI2 at -87.8 c
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Figure 34. The imine region of the iH-NMR
spectrum of
Zr(cis-dschxn)2 in CD2CI2 at -95.4 c.
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signal at 54.66 PPM in the ambient temperature spectrum.
The "freezing out"of one or more polytopal isomers
is also a possible explanation of the increased number of
imine signals. The energy barrier separating the
dodecahedron from the square antiprism is relatively
small (6), but it is possible that the low temperature may
stabilize both of the geometries in solution. The
presence of the two geometries would account for an
increased number of imine signals because the imine
protons in the dodecahedron are not equivalent to the
imine protons in the square antiprism. Furthermore, the
posibility of different ligand wrapping patterns, also
known as geometrical isomerism, could account for several
different imine signals since the imine protons would be
in different chemical environments. Geometrical isomerism
would be more likely for the square antiprism rather than
the dodecahedron because the dodecahedral arrangement
prefers the oxygen donor atoms to be located at the
B vertecies . Since the ligands must conform to this
regulation, there is only one possible ligand wrapping
pattern. Yet, the square antiprism treats all of the
ligand donor atoms equivalently . Thus the wrapping
pattern for the square antiprism may be variable.
Since the protons in the backbone moieties of
Zr( trans-dschxn) 2 are virtually locked into position due
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to the stereochemical requirements of the imine nitrogen
donor atoms and their bonds to the zirconium cation, it
does not experience any changes upon cooling to low
temperatures. Also, although the backbone moiety of
Zr(dsp)2 is aromatic and puckered out of the donor atom
plane, it does not show any sign of slowing its molecular
motion. Thus, the low temperature spectra of these
complexes do not exhibit any changes in the imine region.
Furthermore, the temperatures needed to freeze out any
possible polytopal isomers of these complexes may not have
been achieved (45). Thus, the imine proton signals would
not experience any changes and would appear as they did in
the room temperature spectra. Finally, the stereochemical
requirements of the complexes may be so strict that there
is no possibility of polytopal isomers (46). Thus, no
matter what low temperatures were achieved, no polytopal
isomers would freeze out of solution.
A previous study (45) used chlorodif luoromethane
which can be cooled to temperatures of -146 C. The
possibility of completing the low temperature studies in a
solvent such as this is intriguing (if the complexes are
soluble) because the previously proposed explanations of
the observed phenomena might be validated.
Ligand exchange behavior. The study of the solution
stability of a free Schiff's base ligand was completed
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using IH-NMR to determine if an investigation of ligand
exchange behavior between a free ligand the complementary
bis ( quadridentate )zirconium( IV) complex would be feasible.
The ligand H2dsp however, was found to decompose at 165 c
using this technique. Since the ligand exchange study
would be completed at this temperature to view exchange
phenomena, and the other Schiff's base ligands were
thought to have similar stabilitiesto H2dsp, it was
determined that the proposed ligand exchange study between
the free ligands and the complementary bis (quadridentate )-
zirconium(IV) complexes would be omitted.
The study of the solution stabilities of
Zr(cis-dschxn)2, Zr( trans-dschxn) 2 , and Zr(dsp)2,
separately, was investigated with iH-NMR in order to make
comparisons with solutions containing pairs of complexes.
The solutions containing the pairs of the complexes were
used to investigate ligand exchange behavior. The spectra
of the complexes alone are complicated in the aromatic
region, and also in the methylene region for
Zr(cis-dschxn) 2 and Zr( trans-dschxn) 2 . Since the imine
protons exhibited the furthest down field signals in the
spectra, and they resided adjacent to the nitrogen donor
atoms, it was determined that their signals would lend the
most useful insight into the solution molecular dynamics
of the bis(quadridentate)zirconium(IV) complexes.
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The complexes were heated to and maintained at 165 c
at which time their nuclear magnetic spectra were obtained
(see Appendix D) . The spectra were observed to be similar
to the spectra obtained of the complexes at room
temperature with the following differences.
First, the signal associated with the absorbed water
in the DMS0-d6 was no longer present at the elevated
temperature. The water is either vaporized or undergoing
fast exchange at this temperature with deuterium
(deuterium exchange would cause broadening into the
baseline of the spectrum) .
Two, the spectrum of Zr( trans-dschxn) 2 at 165 c
exhibits a different shaped imine signal than that in the
room temperature spectrum. To determine whether or not
this was an exchange phenomenon, spectra of
Zr( trans-dschxn) 2 were obtained at various intervals
between ambient temperature and 165 c. The imine region
of those spectra are illustrated in Figures 35 through 43
(see Appendix D for entire spectra). As can be seen, the
two imine signals appear to have substantially merged into
one signal at 165 c. Was the merging truly an averaging
phenomenon, or was the detector at the elevated
temperatures unable to resolve the signals? If averaging
was occurring, then the imine signals at the elevated
temperatures should be reproducible using a computer
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Figure 35 The imine region of the
iH-NMR spectrum of
Zr( trans-dschxn) 2 in DMSO-de
at 80 C
97
Figure 36 The imine region of the
iH-NMR spectrum of
Zr( trans-dschxn) 2 in DMSO-de
at 100 oC .
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Figure 37 t>^ ^ine region
of the iH-NMR spectrum of
Zr!tr^s-ds^xn)2 in DMSO-de at 120 oC.
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Figure 38. The imine region of the iH-NMR spectrum of
Zr( trans-dschxn) 2 in DMSO-de at 130 c.
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Figure 39. The imine region of the iH-NMR spectrum of
Zr( trans-dschxn) 2 in DMSO-de at 140 oc.
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Figure 40. The imine region of the iH-NMR spectrum of
Zr( trans-dschxn) 2 in DMSO-de at 145 oC.
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Figure 41. The imine region of the IH-NMR spectrum of
Zr( trans-dschxn) 2 in DMSO-de at 150 oc.
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Figure 42. The imine region of
^eiH-NMR spectrum of
Zr( trans-dschxn) 2 in DMSO-de at
155 oC.
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Figure 43. The imine region of the
IH-NMR spectrum of
Zr( trans-dschxn) 2 in DMSO-de at 165
c.
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simulation program which merges the signals by adding
together weighted averages of the two signals.
Conversely, if the imine region was not reproducible with
the program, the observed phenomenon was not an exchange
process .
The computer program employs the relationship between
the Lorentzian line shape and the signal position.
Equation 1 (47) was used to generate simulations of the
Equation 1 Y = Ya Ga2 + Yb * Qb2
Ga2 + (H-Ha)2 Gb2 + (H-Hb)2
imine signals found in the elevated temperature spectra of
Zr( trans-dschxn) 2 , where Y is the simulated peak's
intensity, Ya and Yb are intensity scaling factors of the
two imine signals A and B, Ha and Hb are the initial peak
positions (PPM) of the two imine signals without averaging
occurring, H is the X coordinate variable (PPM), and Ga
and Gb are the transverse relaxation times of the imine
signals. At the various temperatures the transverse
relation times of the two signals change. Therefore, the
premise was to reproduce the spectra at the various
temperatures by only changing the relaxation times of the
imine signals. If the spectra were reproducible by
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varying only the relaxation times then it could be stated
that the observed phenomenon was due to something other
than loss of resolution. However, if the initial peak
positions (without averaging occurring) also had to be
altered, the observed spectral changes would be attributed
to loss of dector resolution. The initial chemical shifts
for Pa and Pb were obtained from the spectrum at 20 C; a
temperature at which it was considered that chemical
exchange was not occurring. Figures 44 through 50
illustrate that is was possible to reproduce the elevated
temperature spectra in the imine region by the addition of
the two line shapes using Equation 1. However, the
initial position of the signals (without averaging
occurring) had to be altered to obtain the plots. Thus,
the observed change in the imine signal as a function of
temperature for Zr( trans-dschxn) 2 was not due to chemical
averaging but probably due to the loss of detector
resolution at the elevated temperatures .
The imine protons of the mixed ligand complex should
exhibit different chemical shifts (when cooled) (23,24)
than the shifts exhibited by the imine protons in the
homo-ligand complexes because the imine protons in the
ligands are present in different chemical environments.
The spectra of the three possible binary combinations of
the complexes, Zr(dsp) 2/Zr(cis-dschxn) 2 ,
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Figure 44, The simulated imine region of the iH-NMR
spectrum of Zr( trans-dschxn) 2 at 20 C.
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Figure 45. The simulated imine region of the IH-NMR
spectrum of Zr( trans-dschxn) 2 at 80 oc.
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Figure 46. The simulated imine region of the iH-NMR
spectrum of Zr( trans-dschxn) 2 at 100 c.
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Figure 47. The simulated imine region of the IH-NMR
spectrum of Zr( trans-dschxn) 2 at 120 C .
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Figure 48. The simulated imine region of the iH-NMR
spectrum of Zr( trans-dschxn) 2 at 130 oC.
112
THEORETICAL LORENTZIAN LINE SHAPE
140 DEGREES CELCRJS
fc
2
fc
Figure 49. The simulated imine region of the iH-NMR
spectrum of Zr( trans-dschxn) 2 at 140 C.
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Figure 50. The simulated imine region of the iH-NMR
spectrum of Zr( trans-dschxn) 2 at 155 oc.
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Zr(dsp)2/Zr(trans-dschxn)2 , and
Zr(cis-dschxn)2/ Zr( trans-dschxn) 2 were obtained at 165 oc
in DMSO-de after equilibration at 165 oc for one hour.
The three spectra appeared to be superpositions of the
individual spectra of the complexes (see Appendix D) .
Hence, it was determined that the complexes did not
exchange ligands over the duration of one hour of heating
at 165 oc.
The relative chemical inertness of theses complexes
is a distinct difference from tetrakis (bidentate)-
zirconium(IV) complexes (23,24). The additional two donor
atoms in the quadridentate ligands appear to increase the
solution stability of the complexes by large orders of
magnitude. The final question to be answered was how
chemically inert are these complexes?
Another elevated temperature experiment was
conducted to observe if mixtures of the complexes would
exchange ligands to form a mixed ligand complex after
being subjected to heat for a considerable length of time.
First, spectra of the three individual complexes in
DMS0-d6 , after being heated at 155 C for four days and
then cooled to ambient temperature appeared to be
identical to the spectra of the complexes before any heat
was applied. Furthermore, the thin layer chromatograms
were identical to those used to characterize the complexes
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before the heat was applied. Thus, the complexes were
determined to be stable in DMSO-de solutions for a period
of four days at 155 oc (see Experimental section).
Next, it appeared from the spectra that after four
days at 155 c in DMSO-de the complexes participated in
ligand exchange to form mixed ligand complexes (see
Appendix D) . Each imine proton signal appears to have
split into two signals. One signal apparently corresponds
to the imine proton in the mixed-ligand complex while the
other signal corresponds to the imine proton in the homo-
ligand complex. The ratio of the homo-ligand complex to
the mixed-ligand complex to the homo '-ligand complex
appears to be one to one to one. This is different than
the expected calculated ratio of one to two to one
(Homo : Mixed : Homo') based upon random behavior (24)
(see Equation 2).
Equation 2 1 Homo + 1
Homo'
- 2 Mixed
Apparently, either the more random mixed ligand complex is
not thermodynamically favored, contrary to what was
observed for the tetrakis (|3-diketonato)zirconium( IV)
complexes (23,24), or the equilibrium mixture was not
achieved.
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INTRODUCTION
This appendix describes the syntheses, and attempted
syntheses of those compounds deemed not suitable for use
in the NMR study. Also included in this appendix are
results and discussion sections.
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EXPERIMENTAL
Reagent grade chemicals, solvents and gas were used.
The sodium hydroxide (Baker), L-a-alanine (Aldrich),
1,2-dibromoethane (Aldrich), concentrated hydrochloric
acid (Baker), anhydrous potassium carbonate (Baker),
zirconium-n-butoxide n-butanol (Alfa Products),
1,2-dichloroethane (Aldrich), ammonium carbonate (Baker),
28% ammonia (Baker), 2 , 4-pentanedione (Aldrich), ammonium
vanadate (Baker), 60% nitric acid (Baker), triethylene
glycol (Aldrich), sodium bisulfite (Baker), potassium
permanganate (Baker), acetic anhydride (Aldrich), 85%
phosphoric acid (Baker), oxalyl chloride (Aldrich),
triethylamine (Baker), Celite 545 (Baker), and carbon
decolorizing alkaline Norit A (Fisher) reagents were used
without purification. The 100% ethanol (Aaper) , methylene
chloride (Baker), cyclohexane (Baker), chloroform (Baker),
benzene (Baker) , and petroleum ether (Baker) solvents were
used without purification. The nitrogen gas (Air
Products) was used directly from the cylinder.
Ethylenediamine (Fisher), salicylaldehyde (Aldrich),
and 1 , 3-diaminopropane (Aldrich) were purified by reduced
pressure distillation. The 1 , 2-phenylenediamine (Aldrich)
was purified by triply treating and filtering the same
methylene chloride solution with carbon decolorizing
alkaline Norit A followed by precipitation of the filtrate
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with petroleum ether. The 1 , 8-diaminonapthalene (Aldrich)
was purified by double sublimation. Tetrakis ( 2 , 4-
pentanedionato)zirconium(IV) (Alfa Products) was purified
by recrystallization from benzene/petroleum ether.
Cellulose (Merck) and silica (Kodak) thin layer
chromatographic sheets were used.
1 , 2-bis(2-aminophenoxy)ethane was graciously donated
by Mr. John Pinkes .
Ethylenediamine-N,N'-di-L-a-propionic acid,
H2edpa (48). To a solution of 20.0 g (0.50 mol) sodium
hydroxide in 37.5 ml of distilled water were added
44.5 g (0.50 mol) L- -alanine and a stir bar. The
solution was stirred and maintained at reflux while
21.6 ml (0.25 mol) 1 , 2-dibromoethane and
34.5 g (0.25 mol) potassium carbonate were added over a
2 hour period. After an additional 3 hours of heating at
reflux, cooling and acidification to a pH of 5 (indicator
paper) with concentrated HCI, 25.95 g (60%) of a white
powder was isolated by suction filtration. The thin layer
chromatogram, obtained after heating the solid in 100%
ethanol for 18 hours at reflux, exhibited one spot (Rf =
0.5; cellulose; eluent, 25% aqueous ethanol). The melting
range was 254 oC-256 C; literature, 256 oC-258 oc (48).
Bis ( ethy lenediamine-N , N
'
-di-L-a-propionic acid ) zirco-
nium(IV), Zr(edpa)2. Under a dry nitrogen atmosphere
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(glovebag), a stir bar and 0.66 ml (0.0015 rnol) of
Zr(0Bu)4 BuOH were added to a suspension of
0.62 g (0.0030 mol) H2edpa in 50 ml of 100% ethanol. The
reaction mixture was stoppered, removed from the glovebag,
and fitted with a condenser equipped with a drying
tube (CaCl2). After being stirred and maintained at
reflux for 39 hours, the reaction mixture was rotary
evaporated to dryness. A yield of 0.33 g (44%) of an off
white solid was isolated. The product decomposed between
320 oc and 400 <>C.
The attempted synthesis of diglycylethylene-
diamine (49).
Bis(chloroacetyl)ethylenediamine, BCAE. To a
stirred solution of 16.35 ml (0.245 mol) ethylenediamine
in 100 ml of 1 , 2-dichloroethane was added, over a 1 hour
period, a solution of 22.7 g (0.201 mol)
chloroace-
tylchloride in 60 ml of 1 , 2-dichloroethane . A yield of
7.30 g (39%) of a white solid was isolated by suction
filtration. The product melted between 173 c and 175 C;
literature, 175 c (49).
Diglycylethylenediamine. To a mixture of
52.5 g (0.625 mol) ammonium carbonate, 60. ml (0.87 mol)
of 28% ammonia and 45 ml of distilled water, was added
7.05 g (0.038 mol) BCAE. After stirring at ambient
temperature for 20 hours, the mixture was heated between
121
53 oC and 54 oQ for 3 hours. A clear yellow filtrate was
obtained after the undissolved residue was removed by
suction filtration. The filtrate was rotary evaporated to
dryness, and extracted with 150 ml of 100% ethanol under
reflux. The remaining residue was dissolved in 10 ml of
distilled water and added to 100 ml of 100% ethanol.
Attempts to crystallize the resulting oil failed.
The attempted synthesis of bis( 1 , 2-bis(2-amino-
phenoxy ) ethane )zirconium( IV), Zr(BAPE)2. Under a nitrogen
atmosphere (glovebag), a stir bar and 1 . 8 ml (0.0041 mol)
Zr(0Bu)4 BuOH were added to a solution of
2.0g (0.0082 mol) of 1 , 2-bis(2-aminophenoxy) ethane in
250 ml of 100% ethanol. The mixture was stoppered,
removed from the glovebag, and fitted with a condenser
equipped with a drying tube (CaCl2). After being stirred
and maintained at reflux for 22 hours, the reaction
mixture was rotary evaporated to 50 ml. A yield of 1.52 g
of a sandy brown solid was isolated by suction filtration.
The filtrate, evaporated to dryness, yielded 0.52 g of a
dark brown solid.
The dark brown isolation decomposed to white ash upon
pyrolysis . The sandy brown solid exhibited 2 spots on the
thin layer chromatogram (Rf = 0.0, 0.95; silica; eluent,
100% chloroform) while the dark brown solid exhibited
three spots on the thin layer chromatogram (Rf = 0.0, 0.3,
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0.95; silica; eluent, 100% chloroform). The sandy brown
solid melted between 125 oc and 126 oC; the dark brown
solid decomposed between 230 c and 400 c.
N,N'-Disalicylidene-l,2-diaminoethane, H2dsen (50).
To a solution of 6.95 ml (0.104 mol) ethylenediamine in
500 ml of 100% ethanol were added 23.0 ml (0.208 mol) of
salicylaldehyde and a stir bar. The reaction mixture was
stirred and maintained at reflux for 3 hours. Upon
cooling, a yellow precipitate formed. A yield of
24.8 g (89%) of a fluffy yellow solid was isolated by
suction filtration. Double recrystallization from
100% ethanol/petroleum ether, yielded one spot on the thin
layer chromatogram (Rf = 0.9; silica; eluent, 4:1
100% ethanol : cyclohexane). The ligand melted between
124 oC and 125 oC; literature, 125 c - 126 c (50).
Bis ( N , N
'
-disalicylidene- 1 , 2-diaminoethane ) -
zirconium(IV) , Zr(dsen)2. Under a dry nitrogen atmosphere
(glovebag), a stirbar, and 6 . 4 ml (0.015 mol) of
Zr(0Bu)4 BuOH were added to a solution of
8.0 g (0.030 mol) of H2dsen in 500 ml of 100% ethanol.
The reaction mixture was stoppered, removed from the glove
bag and fitted with a condenser equipped with a drying
tube (CaCl2). The reaction mixture was stirred and
maintained at reflux for 20 hours. The suspension was
cooled, and suction filtered. A yield of 8.45 g (91%) of
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a light yellow solid was obtained. The purity of the
product was checked by thin layer chromatography: three
spots were observed (Rf = 0.0, 0.3, 0.8; silica; eluent,
10:0.5 chloroform : cyclohexane). Attempts to
recrystallize the product were unsuccessful. The complex
decomposed between 314 oc and 400 c.
N,N'
-Disalicylidene-1, 3-diaminopropane, H2dspn (51).
To a solution of 6.95 ml (0.104 mol) 1 , 3-diaminopropane in
500 ml 100% ethanol, 23.0 ml (0.216 mol) salicylaldehyde
and a stir bar were added. The reaction mixture was
stirred and maintained at reflux for 3 hours . Upon
cooling a yellow precipitate formed. A yield of
18.4 g (63%) of a fluffy yellow solid was obtained by
suction filtration. The ligand, purified by
recrystallization from dichloromethane, exhibited one spot
on the thin layer chromatogram (Rf = 0.4; silica; eluent
10:0.5 chloroform : cyclohexane). The ligand melted
between 50 oc and 51 oC; literature, 50 oc - 51 c (50).
Bis ( N , N
'
-disalicylidene-1 , 3-diaminopropane ) -
zirconium(IV) , Zr(dspn)2. Under a dry nitrogen atmosphere
(glovebag), a stirbar, and 6 . 4 ml (0.015 mol) of
Zr(0Bu)4 BuOH were added to a solution of
8.4 g (0.030 mol) of H2dspn in 500 ml of 100% ethanol.
The reaction mixture was stoppered, removed from the
glovebag and fitted with a condenser equipped with a
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drying tube (CaCl2). The reaction mixture was stirred and
maintained at reflux for 20 hours. The suspension was
cooled, and suction filtered. A yield of 9.55 g (98%) of
an off white solid was obtained. The product exhibited
three spots on the thin layer chromatogram (Rf = 0, 0.2,
0.8; silica; eluent, 10:0.5 chloroform : cyclohexane).
Attempts to recrystallize the product were unsuccessful.
The complex decomposed between 320 C and 350 oc.
Bis ( acety lacetone)ethylenedi imine, H2BAAED (52). To
a beaker containing 70.2 ml (0.670 mol) 2 , 4-pentanedione
and a stir bar was added 22.5 ml (0.335 mol)
ethylenediamine over a 10 minute period. The mixture was
stirred for 15 minutes and upon cooling, 69.33 g (93%) of
a straw colored solid was isolated. The product was
purified by double recrystallizations from 100%
ethanol/petroleum ether, and exhibited 1 spot on the thin
layer chromatogram (Rf = 0.7; silica; eluent, 9:1
petroleum ether : 100% ethanol). The ligand melted
between 110 c and 111 C; literature, 111 oC -
111.5 oc (52) .
The attempted synthesis of bis (bis (acety lacetone)-
ethylenediimine)zirconium(IV) , Zr(BAAED)2. Under a dry
nitrogen atmosphere (glovebag), a stir bar and
6.4 ml (0.015 mol) Zr(0Bu)4 BuOH were added to a solution
of 6.65 g (0.030 mol) bis(acetylacetone)ethylenediimine in
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500 ml of 100% ethanol. The reaction was stoppered,
removed from the glovebag and fitted with a condenser
equipped with a drying tube (CaCl2). The reaction mixture
was stirred and maintained at reflux for 23 hours . A
yield of 0.44 g of a white solid was isolated after
cooling and suction filtration. The filtrate was rotary
evaporated to 20 ml, cooled and suction filtered, yielding
4.42 g of a light brown solid. The light brown product
melted between 111 C and 113 c.
The attempted synthesis of ( 1 , 2-ethanediyldioxy ) -
diacetic acid.
Method A (53). To a three neck round bottom
flask were added 0.3 g (.003 mol) ammonium vanadate,
225 ml (3 mol) of 60% nitric acid and a stir bar. The
mixture was stirred, heated to 68 c, and charged with
0.5 ml (.004 mol) triethylene glycol. After the
appearance of nitrogen dioxide, 66.2 ml (0.496 mol)
triethylene glycol was slowly added (1.5 hours) to the
mixture, with constant stirring and
maintenance of the
temperature between 68 C and 72 C . The completion of
the reaction was signaled when the nitrogen dioxide
evolution stopped. The resulting green solution was
evaporated under reduced pressure (water aspirator),
yielding a viscous brown liquid.
Attempts to crystallize
the liquid failed.
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Method B (54). Five drops of triethylene glycol
and 20 ml of 60% nitric acid were heated in a test tube
until nitrogen dioxide was evolved. The warm solution and
a stir bar were added to 310 ml of 60% nitric acid in a
three neck round bottom flask. After stirring for five
minutes, 70.7 ml (0.530 mol) triethylene glycol was slowly
added (2 hours), maintaining the temperature between 17 c
and 35 C The resulting green solution was decolorized
after 16 hours of nitrogen aspiration. Reduced pressure
(water aspirator) evaporation yielded a small amount of an
oil. Attempts to crystallise the product were
unsuccessful .
Method C (55). To a solution of
1.5 ml (0.0045 mol) of 3M sodium hydroxide in 120 ml of
water were added 11.22 g (0.071 mol) potassium
permanganate and a stir bar. The mixture was fitted with
a reflux condenser and stirred for 1 hour after the drop
wise addition of 2.14 ml (0.016 mol) triethylene glycol.
The mixture was treated with 2 g of Celite 545, filtered,
and rota-evaporated to 30 ml after a small portion of
sodium bisulfite was added to the filtrate. A yield of
3.44 g of a white solid was isolated by suction
filtration. The solid decomposed between 100 C and
400 oc.
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l,2-Bis(2-hydroxybenzamido)benzene, H4HBA-B (56).
Acetylsalicylic acid (57). To a 125 ml
erlenmeyer flask were added 2.99 g ( 0.0216 mol) salicylic
acid, 6.0 ml (0.0635 mol) acetic anhydride and 8 drops of
85% phosphoric acid. After 15 minutes of steam heating,
21 ml of cold distilled water was added to the mixture
(the first 1 ml drop wise). Cooling and suction
filtration yielded 3.87 g (100%) of a white solid. The
product was recrystallized from 30 ml of 100%
ethanol/distilled water, and found to melt between 128 C
and 130 oC; literature 135 C (57).
H4HBA-B. To 9.07 g (0.050 mol) acetylsalicylic
acid were added 15.0 ml (0.172 mol) oxalyl chloride and a
stir bar. The mixture was stirred and maintained between
27 c and 35 oc for 4 hours. The excess oxalyl chloride
was removed by a reduced pressure distillation (vacuum
pump) over steam. The resulting yellow liquid was
dissolved in 8 ml of methylene chloride and distilled off
under reduced pressure (vacuum pump) . This procedure was
completed five times. The acid chloride residue was
dissolved in 50 ml of methylene chloride and placed in an
addition funnel.
To a solution of 2.31 g (0.0214 mol) of 1,2-
phenylenediamine in 100 ml methylene chloride and 15 ml
tetrahydrofuran, was added the acid chloride solution,
128
with stirring at 0 C. After 1 hour, 12 ml of
triethylamine was added and the mixture was further
stirred for 45 minutes. The mixture was treated with
200 ml of 1M aqueous sodium hydroxide, evaporated by
reduced pressure (water aspirator), and acidified with
concentrated hydrochloric acid to a pH of 4 (indicator
paper). A yield of 8.30 g (47%) of a white solid was
isolated by suction filtration. The product was filtered
through carbon decolorizing alkaline Norit A, and
subsequently recrystallised from acetone/distilled water.
The purity was confirmed by the thin layer chromatogram
(Rf = 0.8; silica; eluent, 1:1 petroleum ether : acetone).
The ligand melted between 211 C and 217 C.
Bis( 1 , 2-bis(2-oxybenzamido) benzene )zirconium( IV) ,
Zr(H2HBA-B)2 . Under a dry nitrogen atmosphere (glovebag),
a stir bar and 0.62 ml (0.0014 mol) Zr(0Bu)4 BuOH were
added to a suspension of 1.00 g (0.0028 mol) H4HBA-B in
50 ml of 100% ethanol. The reaction mixture was
stoppered, removed from the glovebag and fitted with a
condenser equipped with a drying tube (CaCl2). The
mixture was stirred and maintained at reflux for 29 . 5
hours. A yield of 0.72 g (64%) of an off white solid,
which decomposed from 280 C to 322 C, was isolated after
cooling and suction filtration.
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The attempted synthesis of N,
N'
-disalicylidene-1 ,
8-
diaminonapthalene , H2dsnpn (58). To a solution of
2.35 ml (0.0208 mol) salicylaldehyde in 50 ml of
100% ethanol were added 1.65 g (0.0140 mol) of 1,8-
diaminonapthalene and a stir bar. The solution was
stirred and maintained at reflux for 3.5 hours. Upon
cooling and the addition of 100 ml of petroleum ether, a
yellow precipitate was isolated by suction filtration.
The gummy solid was triturated in petroleum ether and
redissolved in methylene chloride. Three different orange
solids were isolated from the solution. Solid 1 exhibited
5 spots on the thin layer chromatogram (Rf = 0.0, 0.1,
0.3, 0.9, 0.95; silica; eluent, 10:0.5
chloroform : cyclohexane), solid 2 exhibited 5 spots on
the thin layer chromatogram (Rf = 0.0, 0.1, 0.8, 0.95;
silica; eluent, 10:0.5 chloroform : cyclohexane), and
solid 3 exhibited 6 spots on the thin layer chromatogram
(Rf = 0.0, 0.1, 0.3, 0.35, 0.9, 0.95; silica; eluent,
10:0.5 chloroform " cyclohexane). The decomposition
ranges of solid 1, solid 2, and solid 3 were 224 C -
230 c, 204 C - 218 C, and 116 C - 148 C respectively;
literature, 199 C (58).
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The attempted synthesis of bis(N,
N'
-disalicylidene-
l,8-diaminonapthalene)zirconium(IV) , Zr(dsnpn)2.
Tetrakis ( salicylaldehydato ) zirconium( IV) ,
Zr(sal)4 (15). In 60. ml (0.57 mol) salicylaldehyde was
dissolved 2 . 68 g (.00550 mol) tetrakis (2 , 4-pentane-
dionato)zirconium(IV) . The solution was maintained at
50 C and 3.75 torr for 5 days, after which 2.41 g (76%)
of a yellow solid was isolated by suction filtration. The
product was washed with four 100 ml portions of petroleum
ether, and determined to melt between 207 C and 208 C;
literature, 208 C - 209 C (15).
Zr(dsnpn)2. To a solution of 30 ml deareated
methylene chloride and 0.316 g (0.00200 mol) of 1,8-
diaminonapthalene were added a solution of
0.575 g (0.00100 mol) Zr(sal)4 in 70 ml deareated
methylene chloride and a stir bar. The mixture was
stirred and maintained at reflux for 17 hours. A yield of
0.85 g of an orange-yellow solid was isolated, by suction
filtration, after the mixture was rotary evaporated to
20 ml and treated with 4 ml of petroleum ether. The thin
layer chromatogram exhibited 4 spots (Rf = 0.0, 0.4, 0.6,
0.8; silica; eluent, 7.5:2.0 methylene chloride :
petroleum ether) . Subsequent recrystalizations from
showed no improvement in the thin layer chromatogram. The
solid decomposed between 220 C and 400 C.
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N , N
'
-Disalicylidene-1 , 3-diamino-2-hydroxypropane ,
H2dspn-0H (59). To a stirred solution of 23.0 ml (0.216
mol) salicylaldehyde in 500 ml 100% ethanol were added
10.22 g (0.1080 mol) 1 , 3-diamino-2-hydroxypropane and a
stirbar. The reaction mixture was stirred and maintained
at reflux for four hours. Upon cooling, a yield of
23.94 g (74.8%) of a fluffy yellow solid was isolated by
suction filtration. The purity of the ligand was
ascertained by thin layer chromatography; Two spots were
observed (Rf = 0, 0.9: silica; eluent 10 : 0.5
chloroform : cyclohexane) . Subsequent recrystallizations
from chloroform/petroleum ether, and 100%
ethanol/petroleum ether showed no improvement. The ligand
melted 100 C - 101 C; literature 98 C - 100 C (59).
The attempted synthesis of bis(N,N'-disalicylidene-
2-hydroxy-l , 3-diaminopropane )zirconium( IV) , Zr(dspn-0H)2 .
Under a dry nitrogen atmosphere (glovebag), a stirbar, and
6.4 ml (0.015 mol) Zr(0Bu)4 BuOH were added to a solution
of 8.85 g (0.030 mol) H2dspn-0H in 500 ml of 100% ethanol.
The reaction mixture was stoppered, removed from the glove
bag and fitted with a reflux condenser equipped with a
drying tube (CaCl2). The reaction mixture was stirred and
maintained at reflux for 22 hours. After cooling, a yield
of 7.77 g of a yellow solid was isolated by suction
filtration.
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The solid was recrystallized from methylene
chloride/petroleum ether, and the purity was checked by
thin layer chromatography; one spot was observed
(Rf = 0.5; cellulose; eluent 1 : 1 ethanol : water). The
complex decomposed from 280 C to 360 C.
Anal. Calcd. for C34H32N40eZr : C, 59.72; H, 4.72; N, 8.19;
Zr, 13.3. Found: C, 55.05; H, 4.30; N, 7.50; Zr, 17.8.
Characterization. All infrared spectra were obtained
as KBr mulls with a Perkin-Elmer Model 681 Grating
Spectrophotometer and calibrated against polystyrene. The
90 MHz iH-nuclear magnetic resonance spectrum of H2edpa
was obtained in deuterated water with a Hitachi Perkin-
Elmer Model R-600 spectrometer using sodium 2 , 2-dimethyl-
2-silapentane-5-sulfonate (DSS) as the internal reference.
The 60 MHz iH-Nuclear magnetic resonance spectra of H2dsen
and H2dspn were obtained in deuterated chloroform with a
Hitachi Perkin-Elmer Model R-24B spectrometer using
tetramethylsilane as the internal reference. The 400 MHz
IH-NMR spectra of the complexation product of H2dspn-0H
was obtained on a Varian XL-400 spectrometer at Cornell
University. Uncorrected melting points were determined in
a Laboratory Devices MEL-TEMP melting point apparatus.
Carbon, hydrogen, nitrogen and zirconium elemental
analyses were preformed at Microlytics Laboratory.
133
RESULTS
H2edpa. The reaction of stoichiometric amounts of
L-a-alanine and 1 , 2-dibromoethane in an aqueous alkaline
mixture yielded H2edpa upon acidification to a pH of 5 ,
Scheme 1 .
Scheme 1
COO" gX>Na
2 uLc^H ^^^ 5> 2 HaN^C-^H
CH3
CH,
COONa
2 mj>j ^ C -^H + BrCH2CH,Br JS2CO3*" "7s- * U n 2 2 tH20,-C02,--2KBr)
CH,
-134
Scheme 1 (Cont'd)
^>CH,
2HCI
(-2NaCl)
H2edpa
fc "V-H^CH3
Zr(edpa)2. The reaction of stoichiometric amounts of
H2edpa and Zr(0Bu)4 BuOH yielded Zr(edpa)2, Scheme 2.
Scheme 2
+ Zr(OBu);BuOH
oo%EtQH
4 C5 BuOH)
_J2
Zr
Zr(edpa)2
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The attempted synthesis of diglycylethylenediamine .
BCAE. The reaction of stoichiometric amounts of
ethylenediamine and chloroacetylchloride yielded BCAE,
Scheme 3 .
Scheme 3
CH,CI
? HJICH.CH.r-H -^^^7
NH HN.
o=c c=o
CH,CI CIH2C
BCAE
Diglycylethylenediamine. The attempted
conversion of BCAE to diglycylethylenediamine,
Scheme 4,
was unsuccessful.
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Scheme 4
NH HN.
0=C
\ /
CH2CI CIH2C
Q30 + 2NK.0H ^H4)2CQ3
f-aN^ci.-ccfer's^oK "
/ \
.NH HN.
0=C
\
Diglycylethylenediamine PH2
NH,
c=o
/
CH2
NH,
The attempted synthesis of Zr(BAPE)2. The reaction
of stoichiometric amounts of H2BAPE and Zr(0Bu)4 BuOH,
Scheme 5, did not yield the anticipated product.
Scheme 5
4> Zr(OBu)-BuOH >EtOH
(-5 BuOh)
7\
NHV .HN
Zr(BAPE)2
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H2dsen. The reaction of stoichiometric amounts of
ethylenediamine and salicylaldehyde yielded H2dsen,
Scheme 6 .
Scheme 6
H
\
OH
NHaCHgCHjNHj
ttO%tOH
ttHjO)
H
\
CN
/
H
N-C
HO
H2dsen
Zr(dsen)2. The reaction of stoichiometric amounts of
H2dsen and Zr(0Bu)4 BuOH yielded Zr(dsen)2,
Scheme 7 .
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Scheme 7
? Zr(OBu)-BuOH 100-fcEtQH ^* <-5BuOH)
Zr(dsen) 2
H2dspn. The reaction of stoichiometric amounts of
1 , 3-diaminopropane and salicylaldehyde yielded H2dspn,
Scheme 8 .
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Scheme 8
+ NHjCHp-^CHjNHj *Ht0)
Zr(dspn)2. The reaction of stoichiometric amounts of
H2dspn and Zr(0Bu)4 BuOH yielded Zr(dspn)2,
Scheme 9 .
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Scheme 9
20C
/
NC
H
? ZrCOBul-BuOH QQfrEtOH
4 <"5BuOH)
Zr(dspn)2
H2BAAED. The reaction of stoichiometric amounts of
2, 4-pentanedione and ethylenediamine yielded H2BAAED,
Scheme 10.
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Scheme 10
.CH3
OC
2 ^>CH2
o=c
CH,
M^CHjCHjNHj
M,0)
ICH\
H2BAAED
H,C f\>N N=C
H3C XCH
CH
The attempted synthesis of Zr(BAAED)2. The reaction
of stoichiometric amounts H2BAAED and Zr(0Bu)4 BuOH,
Scheme 11, did not yield the anticipated product.
Scheme 11
,CH3
H3C
XC=N
2 HC
H3C ,S CH3
Zr(BAAED)2
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The attempted synthesis of (1,2-ethane-
diyldioxy )diacetic acid. The attempted conversion of
triethylene glycol to ( 1 , 2-ethanediyldioxy )diacetic acid
by oxidation with 60% nitric acid, Schemes 12 - 13, and
with potassium permanganate, Scheme 14, were unsuccessful
Scheme 12
CH--0-(CH,),-OH
^.um^
NH.VO,
CHj-O-ICHJr-OH
r>H2 CH2
CH2 6 O CH:
0=C
-+ 8 NOj + 6 H20
C=0
OH
HO'
( 1 , 2-ethanediyldioxy )diacetic acid
Scheme 13
CH2-0-(CH,)2-OH
+8HNOj \/.
CHj-O-(CHa) -OH / N
;H, CH2
CH2 O O CH2
8 N02 +6 H20 *+ o=C
^OH
HO'
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Scheme 14
3
C-VO-(CH,)1rOH
+ gKMna lNa0H
CH-O-ICW-OH
V
2 HCI
CH2 CHj
CH2 O O CH
0=C
+ 8 Mn02 + 2 H20 *
C=0 eKOH + Naci
-OH HO'
H4HBA-B.
Acetylsalicylic acid. Acetylsalicylic acid was
synthesized from salicylaldehyde and excess acetic
anhydride under acidic conditions, Scheme 15.
Scheme 15
0 5
CH, ^H> (ch.8oh)
Acetylsalicylic acid
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H4HBA-B. The reaction of stoichiometric amounts
of acetylsalicylic acid chloride, formed by the reaction
of acetylsalicylic acid and oxalyl chloride (Scheme 16),
and 1, 2-phenylenediamine yielded H4HBA-B after treatment
with triethylamine, sodium hydroxide and hydrochloric acid
respectively, Scheme 17.
Scheme 16
M
CI ^ (.-JK)
oci
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Scheme 17
CI
2GU *
'"CH3 KlH,
+ MfFt). CH,CI2/THF
(-NHCEtfcCI)
?-NH NH- I
Ok0CH. OCH.iio
t-NH NH- -c
)CCH. CH,C
1.MaOH(-HOC-CH.)
2.HCI"NsCi)
t-NH NH-
OH HO
H4HBA-B
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Zr(H2HBA-B)2. The reaction of stoichiometric amounts
of H4HBA-B and Zr(0Bu)4 BuOH yielded Zr(H2HBA-B) 2 ,
Scheme 18 .
Scheme 18
*
*>* stajgu
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The attempted synthesis of H2dsnpn. The reaction of
stoichiometric amounts of salicylaldehyde and 1,8-
diaminonapthalene, Scheme 19, did not yield the
anticipated product.
Scheme 19
2
.00
100% EtQH
(2H,0)
The attempted synthesis of Zr(dsnpn)2.
Zr(sal) 4 . Tetrakis (sal icy laldehydato) -
sirconium( IV) was synthesized by the reaction of
tetrakis (2 , 4-pentanedionato)zirconium( IV) and excess
salicylaldehyde, Scheme 20.
148
Scheme 20
H
\
0=0
/ <->C,
1CH3
+ Zr
^o-c
>CH
\
CH,
Zr(sal)4
CH,
/
o=c
4 Nch
o=c
\
CH,
Zr(dsnpn)2. The reaction of stoichiometric
amounts of Zr(sal)4 with 1 , 8-diaminonapthalene, Scheme
21, did not yield the desired product.
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Scheme 21
_J4
NH2 NH2
CH2CI?
f*4 Ht0).
7\
Zr(dsnpn) 2
H2dspn-0H. The reaction of stoichiometric amounts of
1 , 3-diamino-2-hydroxypropane and salicylaldehyde yielded
H2dspn-0H, Scheme 22.
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Scheme 22
\
o
OH
NHaCHpHCOmCHjNH.
-2Ht0)
H2dspn-0H
The attempted synthesis of Zr(dspn-OH) 2 . The
reaction of stoichiometric amounts of H2dspn-0H and
Zr(0Bu)4 BuOH, Scheme 23, did not yield Zr(dspn-0H)2
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Scheme 23
2
H
\
,CN
NC
H
OH HO'
Q
? Zr(OBu);BuOH J00%EtQH_4 C5 BuOH),
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Characterization. The infrared and iH-NMR spectra
(only those compounds in which it were possible) are
collected in Tables VII and VIII respectively.
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Table VII. Infrared characterization data for
proposed quadridentate ligands, quadridentate
ligands, proposed bis ( quadridentate )-
sirconium(IV) complexes and
bis ( quadridentate )zirconium( IV) complexes.
Comoounda Infrared Absorpt-i rn ( r-.m- 1 ) b Assignment
H2edpa 3100-3000 B ,w NH2 +
2800-2750 B ,w C-H
1600 s CO2-
Zr(edpa) 2 3210 s N-H
2990-2880 B ,s C-H
1710-1650 B ,s C02-
H2BAPE 3460,3380 s NH2
3070 w aromatic C-H
2960-2940 M aliphatic C-H
1615, 1500 s aromatic C-C
1280 s aromatic C-0
Sandy brown 3700 w free 0-H
solid from 3460, 3380 s NH2
the reaction 3070 w aromatic C-H
of H2BAPE and 2960-2880 M aliphatic C-H
Zr(0Bu)4 BuOH 1615, 1500 s aromatic C-C
1280 s aromatic C-0
Dark brown 3700 W free 0-H
solid from 3650-3500 B .s H bonded 0-H
the reaction 3460, 3380 s NH2
of H2BAPE and 3070 w aromatic C-H
Zr(0Bu)4 BuOH 2960-2880 M aliphatic C-H
1615, 1500 s aromatic C-C
1280 s aromatic C-0
H2dsen 3600-3300 B ,s H bonded 0-H
3080-3010 w aromatic C-H
2970-2875 M aliphatic C-H
1645 s imine C=N
1580, 1500 s aromatic C-C
1290 s aromatic C-0
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Table VII. (Cont'd)
Com-Donnd
-Infrared Absorpt.i nn ( n.m- 1 ) Assignment
Zr(dsen)2 3080-3010 W aromatic C-H
2960-2860 M aliphatic C-H
1645 S imine C=N
1555, 1480 S aromatic C-H
1320 S aromatic C-0
H2dspn 3090-3000 w aromatic C-H
2960-3860 M aliphatic C-H
1640 S imine C=N
1580, 1495 S aromatic C-C
1285 S aromatic C-0
Zr(dspn) 2 3080-3000 w aromatic C-H
2940-2900 M aliphatic C-H
1635 s imine C=N
1550, 1470 s aromatic C-C
1325 s aromatic C-0
H2BAAED 3300-3050 B ,w H bonded 0-H
3010-2920 w C-H
1615 s C=0
1585 s C=C
1525 M imine C=N
White solid 3700 s free 0-H
from the 2980-2860 s aliphatic C-H
reaction of 1380 s C-H
H 2BAAED and 1150 s aliphatic C-0
Zr(0Bu)4 BuOH
Brown solid 3600-3400 B ,s H bonded 0-H
from the 3300-3060 M N-H
reaction of 1615 B ,s C=0
H 2BAAED and 1585 s c-c
Zr(0Bu)4 BuOH 1520 s imine C=N
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Table VII. (Cont'd)
H4HBA-B
Li-area Ansorr'
3560
tion (cm-i) A
B,M H bonded
ssignment
0-H
3280 B,S N-H
3080-3020 W aromatic C-H
1640 S amide c--o
1590, 1545 B,S aromatic C-C
1260 S aromatic C-0
Zr(H2HBA-B)2 3600-3400 B,M H bonded 0-H
3250 M N-H
1640 B,S amide C=0
1615, 1600 J
1580, 1530 B,S aromatic C-C
Zr(sal)4 3600-3200 B,M H bonded 0-H
1630 S aromatic C=0
1310 M aromatic C-0
Orange-yellow 3320 S N-H
solid from 3080 M aromatic C-H
the reaction 1640 S imine C=N
of Zr(sal)4 1630-1570 S aromatic C-C
with 1,8-diami- 1280-1250 S aromatic C-0
nonapthalene
H2dspn-0H 3600- 3400 B,M H bonded 0-H
2920-2900 W aliphatic C-H
1635 S imine C--N
1580 M aromatic C-C
1275 M aromatic C-0
1200 W aliphatic C-0
Zr(dspn-0H)2 3600-3400 B.M H-bonded 0-H
3060-3020 W aromatic C-H
2960-2860 S aliphatic C-H
1630 s imine C=N
1545 s aromatic C-C
1330 s aromatic C-0
1200 M aliphatic C-0
A11 spectra were obtained as KBr mulls and calibrated
against polystyrene. *>B = broad; S = strong;
M = medium; W = weak.
156
Table VIII IH-NMR Characterization data for
quadridentate ligands, proposed
bis ( quadridentate )zirconium( IV) complexes and
bis ( quadridentate) sirconium( IV) complexes.
^oraDounna-.hnntr khmio Multiplicit.vc Tnt.fiP->*a"tion Assignment*
H2edpad 1.10 d 6 -CH3
2.50 s 4 -(CH2)2-
2.80 q 2 -CH
H2dsen 3.85 s 5 -(CH2)2-
7.00 m 10 Ar-H
8.25 s 2 imine-H
H2dspn 2.05 qt 2 -CH2CH2CH2-
3.63 t 5 -N-CH2-
7.00 m 10 Ar-H
8.25 s 3 imine-H
Zr(sal)4 6.95 rn 11 Ar-H
7.45 ra 11 Ar-H
9.35 s 3 imine-H
9.94 s 2 imine-H
11.06 s 2 0-H
H2dspn-0H 3.80 s 4 -CH2-
4.30 rn 1 -CH-
7.10 m 8 Ar-H
8.40 s 2 imine-H
aSolvents for the the species were as follows:
H2edpa, D2O; H2dsen, CDCI3; H2dspn, CDCI3; Zr(sal)4,
CD2CI2; H2dspn-0H, DMSO-de. bShifts reported
relative to TMS unless otherwise noted.
s = singlet, d = doublet, t = triplet, q = quartet,
qt = quintet, m = multiplet. ^Shifts reported
relative to DSS .
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DISCUSSION
Successfully Prepared Complexes. The following
complexes, Zr(edpa)2, Zr(dsen)2, Zr(dspn)2 and
Zr(H2HBA-B)2, were synthesized according to Schemes 2, 7,
9, and 18 respectively. Their identities were established
by infrared and melting point analysis. However, the
complexes could not be induced to dissolve in a variety of
different organic solvents. Hence, each was omitted from
the NMR study.
The infrared spectrum of H2edpa suggests the free
ligand exists as a zwitterion: absorptions at 3100 cm-i
through 3000 cirri and at 1600 cm- i are characteristic of
NH2+ and carboxylate anion species respectively. Also,
H2edpa melts between 254 C and 256 C which further
substantiates its ionic nature. Upon complexation, a band
at 3210 cm- i , indicative of a secondary amine, emerges
while the broad NH2+ band disappears. During
coordination, the NH2 + functionalities in H2edpa are
converted to secondary amine groups because, the ligand
must be deprotonated to form a stable complex.
Furthermore, the carboxylate anion band, of the complex,
is shifted and broadened across the 1710
cm- l through 1650
cm-i region. Zirconium, coordinating through the terminal
oxygen atoms, lifts the symmetry of the carboxylate anion
yielding C=0 and
C-0- functional groups which accounts for
158
the phenomenon exhibited in the spectrum. Finally, the
complex decomposes between 320 C and 400 C,
characteristic of bis (quadridentate )sirconium( IV)
complexes previously studied.
Evidence for the existence of Zr(dsen)2 and Zr(dspn)2
was established from the following observations. Aromatic
carbon-carbon vibrations for the complexes are located at
energies which are lower than those of the free ligands .
The phenyl-oxygen vibrations for the complexes are located
at higher energies than found for the free ligands.
Finally, the complexes only begin to show signs of thermal
decomposition at temperatures far above those necessary to
melt the free ligands.
Differences found during the comparison of the
vibrational energies of nitrogen-hydrogen, aromatic
carbon-carbon, and phenyl-oxygen bands for H4HBA-B and its
complexation product, suggest Zr(H2HBA-B)2 was sucessfully
synthesized. Upon complexation the nitrogen-hydrogen
band, present at 3280 cm*1 for the free ligand, was
observed at 3250 cm-1. A possible explanation is that the
electron density between the nitrogen donor atom and the
hydrogen atom is depleted due to the inductive effect of
the zirconium(IV) cation. This would result in a
weakening of the nitrogen-hydrogen bond and thus lower its
vibrational energy. Also, aromatic carbon-carbon bands
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for the complex, are broadened over a wider energy range
than is found for the free ligand. The zirconium( IV)
cation appears to redistribute the electron density in the
Phenyl substituents of the ligand, yielding several
different aromatic carbon-carbon bonds. Finally, the
complex decomposed between 280 C and 322 C which is
approximately 60 C higher than the free ligand,
characteristic of bis ( quadridentate )zirconium( IV)
complexes previously studied.
Unsuccessfully Complex Syntheses. Due to the fact
that diglycylethylenediamine, and ( 1 , 2-ethanediyldioxy )-
diacetic acid were not sucessfully synthesized,
complexation reactions utilizing these ligands were not
attempted. The remaining discussion investigates the
evidence which suggested the complexes Zr(BAPE)2,
Zr(BAAED)2, Zr(H2dsnpn) 2 , and Zr(dspn-0H)2 were not
sucessfully synthesized.
Two different colored solids were isolated from the
reaction of H2BAPE and Zr(0Bu)4 BuOH. The sandy brown
isolation exhibited a melting range and infrared spectrum
similar to the free ligand. Therefore, it was concluded
that a significant portion of unreacted free ligand was
recovered. The dark brown isolation exhibited a similar
infrared spectrum to that of H2BAPE but decomposed above
230 C and tested positive for Zr (white ash remained upon
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pyrolysis). Hence, it was concluded that some form of a
zirconium containing species was synthesized. Since the
infrared spectra of the ligand and the dark brown product
did not differ in a manner consistent with ligand
complexation, the desired zirconium containing species,
Zr(BAPE)2, has been eliminated as a possible product of
the complexation reaction.
Examination of the infrared spectrum of the white
solid isolated from the complexation reaction of H2BAAED
and Zr(0Bu)4 BuOH immediately suggested that no ligand was
present. The characteristic imine vibration, located at
1525 cm- 1 for the free ligand, was not present in the
spectrum of the white solid. The infrared spectrum of the
brown solid isolated from the same reaction mixture was
identical to that of the free ligand. Also, the melting
ranges of the free ligand and the brown isolation
coincided. Thus it was determined that a considerable
portion of unreacted free ligand was recovered.
Due to the fact that the ligand, H2dsnpn, could not
be synthesized from its components and subsequentially
complexed to zirconium, an alternative complexation
reaction was attempted to synthesize Zr(dsnpn)2. The
reaction involved bridging the four salicylaldehydato
ligands of Zr(sal)4 with two 1 , 8-diaminonapthalene
molecules. Theoretically, a Schiff's base condensation
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reaction should occur with the liberation of water and the
formation of the desired bis ( quadridentate )zirconium( IV)
complex. This method was used to sucessfully synthesize
Zr(dsp)2 (15) from Zr(sal)4 and 1 , 2-diaminobenzene . The
infrared spectrum of the orange-yellow solid isolated from
the bridging reaction exhibited a nitrogen-hydrogen
vibration band at 3320 cm- i which is not consistent with
the formation of an imine functionality. Since this band
remained present in the infrared spectra after repeated
recrystallizations, it was determined that the orange-
yellow isolation was not the desired Zr(dsnpn)2 complex.
A possible explanation of the unsuccessful synthesis is
that the six membered chelate ring, formed between the
nitrogen donor atoms and the zirconium atom, might not
have conformed to the strict stereochemical restrictions
needed for the formation of an eight coordinate
zirconium( IV) complex.
The complexation of H2dspn-0H to zirconium apppeared
to be sucessful after the infrared spectra and the thermal
data of the free ligand and the product of the
complexation reaction were compared. Changes in the
infrared spectra of the free ligand and the proposed
complex appeared in the aromatic carbon-carbon and phenyl-
oxygen bands. Consistent with other Schiff's base
bis(quadridentate)sirconium(IV) complexes synthesized, the
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lowering of the aromatic carbon-carbon vibrational energy
coupled with the lowering of the phenyl-oxygen vibrational
energy strongly indicated that complexation had ocurred.
Furthermore, the product began thermal decomposition at a
temperature nearly 180 C above the melting range of the
free ligand. However, the elemental analysis suggested
that the product was not Zr(dspn-OH) 2 . Further analysis
by IH-NMR (Figure 51) suggested that a decomposition
product (products) of unknown structural composition was
isolated.
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Figure 51 The iH-NMR of the complexation
product of
H2dspn-0H in DMSO-de .
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APPENDIX B. Thermogravimetric analysis temperature
calibration curve.
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( O > *jn)OJduJi *As
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APPENDIX C. The preliminary crystallographic results of
bis(N,
N'
-disalicylidene-trans-1 , 2-diamino
cyclohexane )zirconium( IV) .
Figure 52. The illustration of
Zr( trans-dschxn) 2 168
Table IX. The bond lengths and bond
angles of Zr( trans-dschxn) 2 169
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Figure 51. The illustration of Zr( trans-dschxn) 2 .
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Table IX. The bond lengths and bond angles
of Zr( trans-dschxn) 2 .
BOND LENGTHS AND ANGLES
ZR 01 2.08'
ZR Nl 2.423 75.0
ZR 01A 2.084 139.7 145.2
ZR N1A 2.423 145.2 70.3 75.0
ZR 01B 2.084 7.9 72.9 95.7 74.4
ZR NIB 2.423 72.9 130.2 74.4 133.8 75.0
ZR 01C ? ;pj e- - t. L ?'- i 72.9 139.7 145.2
ZR NIC 2.423 74.4 133.8 72.9 130.2 145.2 70.3 75.0
01 Nl 01A N1A 01B N1B 01C
01 ZR 2.084
01 C1 1.315 134.6
ZR
Nl ZR 2.423
Nl C7 1 .286 125.7
N1 ce 1 .486 114.8
ZR
119.4
C7
C" 01 1 .315
C1 C2 1.413 120.4
CI C6 1.421 12C.7
01
118.8
C2
C2 CI 1 .413
C2 C3 ".387 120.7
C".
C3 C2 1.387
C3 CA 1 .391 120.5
C2
C4 C3 1.39"
C4 C5 1.390 120.0
C3
CS Ct 1 .39C
C5 C6 1 .410 120.8
C4
C6 CI 1.421
C6 C5 1 .410 119.1
C6 C7 1.451 121.7
CI
119.2
C5
C7 Nl 1.286
C7 C6 1.451 127.2
Nl
ce Nl 1.486
ce C9 1.537 115.0
cs CSA 1.541 108.6 111.1
r Nl C9
CS ce 1.S37
eg C10 1.527 111.7
CE
CIO C9 1.527
CIO C10A 1.504 HO. 5
ce
01A ZR 2.084
01A C1A 1.815 734.8
ZR
N1A ZR 2.423
N1A C7A 1.286 25.7
N1A CBA 1.486 114 .8 119.4
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ce CBA 1.541 108.6
Nl
111.1
eg
C9 ce 1.637
eg C10 1.527 111.7
CB
CIO C9 1.527
C10 C104 1.504 110.5
C9
Q1A ZR 2.064
01A CIA 1.315 134.6
ZR
N1A ZR 2.423
N1A C7A 1.266 125.7
N1A C8A 1 .466 114.8
ZR
119.4
C7A
CIA 01A 1.315
CIA C2A 1 .413 120.4
CIA C6A 1 .421 120.7
01A
116. 8
C2A
C2A CIA 1 .413
C2A C3A 1 .367 120.7
CIA
CSA C2A 1 .367
C3A C4A 1.391 120.5
C2A
C4A C3A 1 .391
C4A C5A 1.390 120.0
C3A
C5A C4A 1.39C
C5A C6A 1 .410 120.8
C4A
C6A C1A 1 .421
C6A CSA 1 .410 119.1
C6A C7A 1 .451 121.7
C1A
119.2
CSA
C7A N1A 1 .286
C7A C6A 1 .451 127.2
N1A
C8A ce 1.54 1
C8A N1A 1.466 108.6
C8A ce* 1.537 111.1
CB
115. C
N1A
C9A C8A 1.537
CBA C10A 1.527 111.7
CBA
C10A C10 1.5C4
CIOA CBA 1.52? 110.5
C1C
01B ZR 2.084
018 C1B 1.315 134.6
ZR
NIB ZR 2.423
NIB C7B 1.286 125.7
NIB C8B 1.486 -.14.1
ZR
.119.4
C7B
C1B 016 1.315
C1B C2B 1.413 120.4
C1B C6B 1.421 120.7
01B
118.6
C2B
C2B C16 1.413
C2B C3B 1.387 120.7
e-.e
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NIB ZR 2.423
N1B C7B 1.286 125.7
NIB CB6 1.486 114 .8
ZR
119.4
C7B
C16 016 1.315
C1B C2B 1.413 120.4
C1B C6B 1.421 120.7
01B
118.6
C2B
C2B C1B 1.413
C2B C38 1.387 120.7
C1B
C3B C2B 1.387
C3B C46 1.391 120.5
C2B
CAB C36 1.391
C4B C5B 1.390 120.0
C3B
C5B C46 1.390
C5B C66 1.410 120.8
C46
C6B C16 1 .421
C6B C5B 1 .410 119.1
C6B C7B 1 .451 121 .7
C16
119.2
C5B
C7B NIB 1.286
C7B C6B 1.451 127.2
N1B
C8B N16 1.486
C8B C9B 1.537 115.0
C8B C8C 1 .54 1 106.6
NIB
111.1
C9B
C9B C8B 1.537
C9B C106 1.527 111.7
C8B
C10B C96 1.527
C10B C10C 1.504 110.5
C96
OIC ZR 2.064
01C C1C 1.315 134.6
ZR
NIC ZR 2.423
N1C C7C 1.266 125.7
NIC C8C 1.4B6 114.6
ZR
119.4
C7C
C1C 01C 1.315
C1C C2C 1.413 120.4
C1C C6C 1.421 120.7
OIC
iie.e
C2C
C2C C1C 1.413
C2C C3C 1.367 120.7
C1C
C3C C2C 1.387
C3C C4C 1.391 120.5
C4C CSC 1.39:
C4C CSC 1.390 120.0
C3C
CSC C4C 1.3BC
C5C C6C
.
1.410 120.8
C4C
C6C C1C 1.42:
C6C C5C 1.410 118.1
C6C C7C 1.451 121.7
c:c
119.2
CSC
C7C N1C 1.266
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Zfv
NIC ZR 2.423
NIC C7C 1.286 !25.7
NIC cec 1 .486 114 .6
ZR
119.4
C7C
C1C OIC 1 .315
C1C C2C 1 .413 120.4
C1C C6C 1 .421 120.7
.OIC
iie.e
C2C
C2C C1C 1.413
C2C CSC i.sei 120.7
C1C
C3C C2C 1 .387
C3C C4C 1 .391 120.5
C2C
C4C CSC
1.3S"
C4C CSC 1 .390 120.0
C3C
C5C C4C 1.39C
CSC C6C 1 .410 120.6
C4C
C6C C1C
1.42"
C6C C5C 1.410 119.1
C6C C7C 1 .451 121 .7
C1C
118.2
C5C
C7C NIC 1.286
C7C C6C 1.451 127.2
NIC
CBC C8B 1.54 1
C8C NIC 1 .486 106.6
cec C9C 1.537 111 .1
CSB
115.0
NIC
C9C CBC 1.537
C9C C10C 1.527 111.7
cec
C10C C10B 1.504
C10C C9C 1.527 110.5
CI OB
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APPENDIX D. The collected infrared, iH-NMR, and
ultraviolet-visible spectra of the
complexes and ligands.
Infrared spectra.
cis-H2dschxn 176
Zr(cis-dschxn)2 178
trans-H2dschxn 180
Zr( trans-dschxn) 2 182
iH-NMR Spectra obtained at ambient temperature in DMSO-de.
cis-H2dschxn 184
Zr(cis-dschxn) 2 185
trans-H2dschxn 186
Zr( trans-dschxn) 2 187
H2dsp 188
Zr(dsp)2 189
Zr(cis-dschxn)2 after four days of
oven heating at 155 C 190
Zr(trans-dschxn) 2 after four days of
oven heating at 155 C 191
Zr(dsp)2 after four days of oven
heating at 155 C 192
Zr(dsp)2/Zr(cis-dschxn)2 after four
days of oven heating at 155 C 193
Zr(dsp)2/Zr(trans-dschxn)2 after
four days of oven heating at 155 C 194
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Zr(cis-dschxn)2/Zr( trans-dschxn) 2
after four day of oven heating
at 155 C 195
-H-NMR Low temperature spectra in CD2C12.
Zr( trans-dschxn) 2 at -95 C 196
Zr(dsp)2 at -95 C 197
Zr(cis-dschxn)2 at 22.1 C 198
Zr(cis-dschxn)2 at 1.8 C 199
Zr(cis-dschxn)2 at -23.3 C 200
Zr(cis-dschxn)2 at -47.7 C 201
Zr(cis-dschxn)2 at -67.6 C 202
Zr(cis-dschxn)2 at -73.0 C 203
Zr(cis-dschxn)2 at -78.0 C 204
Zr(cis-dschxn)2 at -83.0 C 205
Zr(cis-dschxn)2 at -87.8 C 206
Zr(cis-dschxn)2 at -95.4 C 207
iH-NMR Elevated temperature spectra obtained in DMSO-de,
H2dsp at 165 C 208
Zr(dsp)2 at 165 C 209
Zr(cis-dschxn)2 at 165 C 210
Zr( trans-dschxn) 2 at 80 C 211
Zr( trans-dschxn) 2 at 100 C 212
Zr( trans-dschxn) 2 at 120 C 213
Zr( trans-dschxn) 2 at 130 C 214
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Zr( trans-dschxn) 2 at 140 C 215
Zr( trans-dschxn) 2 at 145 C 216
Zr(trans-dschxn)2 at 150 C 217
Zr( trans-dschxn) 2 at 155 C 218
Zr( trans-dschxn) 2 at 165 C 219
Ultraviolet-visible spectra obtained in CH2C12.
cis-H2dschxn 220
Zr(cis-dschxn) 2 221
trans -H2dschxn 222
Zr( trans-dschxn) 2 223
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